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ABSTRACT

Author: Long, Joshua, A. PhD
Institution: Purdue University
Degree Received: December 2017
Title: Hydrophobic Hydration and Aggregation in Aqueous Solutions
Committee Chair: Dor Ben-Amotz
Water mediated hydrophilic and hydrophobic interactions are important for biological systems,
atmospheric, geological, and environmental chemistry, and pharmaceuticals formulation
development. Open questions remain regarding the degree of water restructuring in hydrophobic
cavities, the extent of hydration in self-assembled aggregates, and the influence of water
restructuring on hydrophobic interactions. Here, we use Raman spectroscopy combined with
multivariate curve resolution (Raman-MCR), partial molar volume, and fluorescence
spectroscopic methods to detect and quantify changes in hydration extent and structure due to
hydrophobic aggregation and hydrophobic cavity structure. Raman-MCR decomposes an aqueous
solution spectrum into solvent (pure water) and solute-correlated spectra, the latter of which
contains vibrational features from the solute as well as any water molecules that are perturbed by
the solute. This hydration-shell spectrum therefore contains evidence of hydrophobic aggregation
by changes in the solute vibrational features as well as information on the extent and structure of
water perturbed in the hydration shell of the solute. Partial molar volume measurements are also
sensitive to changes in hydration-shell structure due to solute shape differences or aggregation,
and, when combined with complementary simulation results, can provide detailed information on
water structure. The results presented here aid in understanding outstanding questions concerning
hydration of micelles, cavity hydration and dewetting transitions, and crystallization and hostguest binding processes in aqueous environments. In particular, Raman-MCR is used to observe
the presence and extent of water penetration into micelle interiors, and partial molar volume results
from density measurements of deep-cavity cavitands demonstrate experimental observation of a
hydrophobic cavity dewetting transition. In addition, Raman-MCR is used to detect changes in
solute structure and cavity hydration upon host-guest complexation. These results demonstrate the
possibility of quantifying the effect of host structure on hydration to better understand hydration
of protein interiors and cavities as well as development of selective pharmaceutical excipients.
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CHAPTER 1.

1.1

EXPERIMENTAL INSTRUMENTATION AND
METHODS

Raman Spectroscopy
When monochromatic light interacts with molecules, most of the light is scattered elastically,

with the same frequency as the incident light (Rayleigh scattering). A small fraction (~1 in 106) of
photons are scattered inelastically, either at a lower (Stokes) or higher (anti-Stokes) frequency than
the incident light. This inelastic scattering process is Raman scattering, and the frequency
differences between the scattered and incident light correspond to vibrational and rotational modes
of the molecule. These scattered photons are then dispersed by wavelength onto a detector,
producing a Raman spectrum when measured intensity is plotted against each wavelength channel
of the detector.
For this work, Raman spectra were produced using either an argon-ion (Ar-ion) laser
(Melles-Griot) with a wavelength of 514.5 nm or a semiconductor laser (Coherent Sapphire SF)
with a wavelength of 532 nm as excitation sources (the Raman systems are described in sections
1.1.1 and 1.1.2, respectively). In both systems, the Stokes backscattered photons were collected,
directed into a spectrometer containing dispersive gratings, and measured with a charge coupled
device (CCD) camera. Spectra were collected with an integration time of 5 minutes unless
otherwise noted.
Neon emission spectra were collected on the same day as each spectrum to calibrate the CCD
camera pixels to Raman shift in wavenumber (cm-1) units using known wavelengths (λ, nm) of
neon spectral lines. For example, using the 300 grooves/mm dispersive grating in the Ar-ion
system spectrometer, a correlation between the known wavelengths of six neon lines4 and the CCD
pixel number is generated using a third-order polynomial. Using this correlation, the wavelength
value for each pixel can be calculated, and the Raman shift value (Δν, cm-1) is calculated using
Equation 1.1:
∆

10 nm 1
--1 cm

-

1

1.1

where λex is the wavelength of the excitation laser and λem is the wavelength of the Raman-scattered
photons.

2
1.1.1

Ar-ion 514.5 nm Hydration-shell Raman System
The spectra shown in Chapters 2 and 4 were collected using a home-built Raman system

with a 10,000:1 signal-to-noise ratio5,6. An Ar-ion laser (514.5 nm) with approximately 15 mW of
power at the sample was used as the excitation source. The Stokes backscattered photons were
collected and sent through a fiber bundle consisting of seven 100 µm diameter fibers to the
entrance slit of a spectrometer. The spectrometer contains gratings with 300, 600, and 1200
grooves/mm which have spectral resolutions of ~6, ~3, and ~1 cm-1, respectively. The dispersed
photons are then measured with a CCD camera with 1340 wavelength channels.
The Raman spectrum of water at 20.00°C collected using the 300 grooves/mm grating is
shown in Figure 1.1. Prominent features include the OH stretching vibrational band (~2800–3800
cm-1) and the HOH bending vibrational band (~1640 cm-1). The three sharp peaks at ~4460, 5280,
and 5700 cm-1 are helium (He) lines from a He lamp that are included in each spectrum. Before
further analysis, each spectrum was shifted horizontally so that the He lines in each spectrum
precisely overlapped. This corrects for small wavelength drifts due to changes in ambient pressure
and temperature6 that could produce artifacts during self-modeling curve resolution analysis
(described in section 1.2.1).

( /)
+-'

C
::J

25 x10 6

OH
Stretch

20

0

u

--->,

15

:t=

He
Lines

(/)

C
Q)

10

+-'

C

5

1000

2000

3000

4000

5000

6000

-1

Raman Shift (cm )
Figure 1.1 Raman spectrum of pure water at 20.00°C acquired with 514.5 nm excitation. Note the
water bend and stretch vibrational bands and the He lines used an internal calibration.

3
1.1.2

532 nm Raman System
Spectra collected in Chapter 5 were collected using a second custom-built micro-Raman

system with a 532 nm semiconductor laser excitation (Coherent Sapphire SF) with approximately
20 mW power at the sample. The backscattered Raman photons were directed into a spectrometer
(Princeton Instruments SpectraPro 2300) where they are dispersed using a reflective grating (300
grooves/mm) onto a thermoelectrically-cooled electron multiplying CCD with 1600 wavelength
channels. The resulting Raman spectra have a spectral resolution of ~4 cm-1 in the OH stretch band
region of the spectrum. A spectrum of water collected using 532 nm excitation is presented in
Figure 1.2. Note the presence of OH stretch (~2800–3800 cm-1) and HOH bend (~1640 cm-1) bands
of water, similar to the spectrum acquired with 514.5 nm excitation (Fig. 1.1).
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Figure 1.2 Raman spectrum of water at 23°C acquired with 532 nm excitation.

1.2

Raman Multivariate Curve Resolution
This work utilizes a hydration-shell spectroscopic technique in which high signal-to noise

Raman spectra are combined with multivariate curve resolution (Raman-MCR) to decompose twocomponent solution spectra into a linear combination of pure solvent and solute-correlated (SC)

4
components. The resulting minimum area, non-negative SC spectrum contains features arising
from intramolecular vibrational modes of the solute molecules as well as those of solvent
molecules perturbed by the solute.

1.2.1

Self-Modeling Curve Resolution
The Raman-MCR method used in this work to obtain SC spectra is self-modeling curve

resolution (SMCR)7,8 implemented in IGOR Pro (WaveMetrics). SMCR, as described above, is an
analytical method to decompose a two-component mixture spectrum. Figure 1.3 illustrates the
SMCR decomposition of a 0.1 M 18-crown-6 (18C6, a crown ether) solution. More specifically,
Figure 1.3A shows the Raman spectra of pure water and a 0.1 M aqueous 18C6 solution. The
resulting SC spectrum is presented in Figure 1.3B.
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Figure 1.3 (A) Raman spectra of pure water (dashed blue) and 0.1 M aqueous 18C6 solution
(green). (B) SC spectrum of 0.1 M 18C6 (dashed and solid red) and Raman spectrum of pure water
(blue). The SC spectrum contains features due to the 18C6 vibrational modes and any water
molecules perturbed by the 18C6 that differ from bulk water. The solid red spectrum was obtained
by multiplying the dashed red spectrum by 10.

The SC spectrum (red curve in Figure 1.3 B) contains features arising from intramolecular
vibrations of the 18C6, such as the CH stretch (at ~2800-3050 cm-1). It also contains hydrationshell OH stretch features (at ~3050-3650 cm-1) which arise from water molecules whose
vibrational structure is perturbed by the 18C6. In other words, non-zero intensity in this region

6
indicates that the solute, 18C6, has affected the structure of the hydration shell such that it no
longer resembles the surrounding bulk water. The difference in spectral shape between the OH
stretch band in the SC spectra and the same region of the pure water spectrum (dashed blue) also
indicates water structure changes. Note also that the SC spectrum intensity has been multiplied by
a factor of 10. The signal relative to pure water is shown in the dashed red spectrum, indicating
the small hydration shell signal relative to bulk water and the importance of high signal-to-noise
spectral measurements to extract the spectrum of perturbed water.

1.2.2

Counterion Subtraction
When a solution is composed of more than two components, the SMCR procedure can be

modified by analyzing the solution as if it were a two-component system. This is used to detect
interactions between two species in water9 or remove the contribution of one of the species from
the hydration shell region of the SC spectrum. For example, the spectrum of 0.1 M 18C6 with 0.1
M potassium chloride (KCl) and the spectrum of pure water are shown in Figure 1.4A, and the
corresponding SC spectrum is in Figure 1.4B. The hydration-shell spectrum OH stretch band is
dominated by features arising from water molecules that have hydrogen-bonded to the Cl-,
evidenced by increased signal around 3450 cm-1.10 Changes in the CH stretch band shape are due
to 18C6 complexing with K+ (pKa = 2.05 ± 0.0411). Spectroscopic observation of this and similar
host-guest binding systems is explored in Chapter 4.
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Figure 1.4 (A) Raman spectra of pure water (dashed blue) and aqueous solution of 0.1 M 18C6
and 0.1 M KCl (green). (B) SC spectrum of 0.1 M 18C6+KCl (dashed and solid red) and Raman
spectrum of pure water (blue). The SC spectrum contains features due to the 18C6 vibrational
modes and any water molecules perturbed by the 18C6 or KCl that differ from bulk water. The
solid red spectrum was obtained by multiplying the dashed red spectrum by 10.

This multi-component mixture can be effectively reduced to a two-component mixture by
envisioning the mixture as “solvent” and “solution” components. In this case, the hydrogenbonding features in the SC spectrum can be eliminated by replacing water as the “solvent”
spectrum in SMCR with a solution of NaCl that is at the same Cl- concentration as the 18C6 + KCl
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solution. These two spectra (0.1 M NaCl and 0.1 M 18C6 + 0.1 M KCl) are shown in Figure 1.5A
and the resulting SC spectrum in Figure 1.5B.
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Figure 1.5 (A) Raman spectra of 0.1 M NaCl (dashed blue) and aqueous solution of 0.1 M 18C6
and 0.1 M KCl (green). (B) SC spectrum of 0.1 M 18C6+KCl (dashed and solid red) after
counterion subtraction and Raman spectrum of pure water (blue). The SC spectrum contains
features due to the 18C6 vibrational modes, and any water molecules perturbed by the Cl- have
been suppressed with counterion subtraction. The solid red spectrum was obtained by multiplying
the dashed red spectrum by 10.

9
The spectrum in Figure 1.5B contains features arising from the intramolecular vibrations of
the 18C6 as well as features arising from water perturbed by the 18C6 and the K+ cation.
Hydration-shell features arising from water hydrogen-bonding to Br- have been removed (compare
to Figure 1.4B). Note that the water in the hydration shell of Na+ is essentially indistinguishable
from bulk water, so Na+ has no substantial contribution to the hydration-shell spectrum.10 K+ also
contributes minorly to the hydration-shell spectrum10,12, so the SC spectrum in Figure 1.5B
essentially represents the hydration shell of free 18C6 and 18C6 complexed with K+.

1.3

Measurements of Partial Molar Volume
In addition to the spectroscopic techniques described in Section 1.2, thermodynamic

measurements can be used to probe hydrophobic water structure. In particular, we have made use
of partial molar volume measurements, which, when combined with molecular dynamic simulation
results, can be used to predict changes in hydrophobic hydration due to solute structure and
solution concentration and temperature.13-17 These measurements are used to observe hydrophobic
cavity dehydration in Chapter 3.
Partial molar volumes may be determined by measuring changes in solution density ρ as a
function of solute concentration (mole fraction χ = n1/nT or mass fraction w = m1/mT). Many
previous studies have calculated apparent molar volumes and used them to obtain infinite dilution
partial molar volumes by extrapolating to infinite dilution.18-24 However, partial molar volume at
each concentration can be obtained directly from the slope and intercept of the plot of measured
densities as a function of solute concentration20,25,26 using the following equations:
1
̅

1

1

χ

1
̅

1

1

1.2
1.3

where Sχ and Sw represent the slope of the plot of inverse density as a function of concentration
(mole fraction or mass fraction). Extrapolating to low or high concentration provides the following
expressions for partial molar volume of the infinitely dilute solute and the solvent.
̅

lim

, →

̅

1

1

1.4

10
̅
Here,

and

lim

, →

̅

1

1

indicate the density of pure solvent and pure solute, respectively, and

1.5
and

are

the initial dependence of the density of solution on solute and solvent concentration, respectively.
The derivations of these equations are given in Appendix A.

1.3.1

Density Details
Density measurements were collected using a vibrating U-tube densimeter (DSA 5000

Density and Sound Analyzer, Anton Paar). Aqueous solutions were degassed by boiling for at least
15 minutes. Solutions were collected at atmospheric pressure and temperatures ranging from 15°C
to 70°C. The densimeter was cleaned as specified by the manufacturer and calibrated using both
degassed water and dry air before each set of measurements. The uncertainty in density
measurements is 5 x 10-6 g/cm3. For most aqueous solutions, the plot of inverse density as a
function of concentration is linear for concentrations below 1 wt%, and the lowest solute
concentration which produces a detectable density change is ~0.05 wt%. Using Equation 1.4, the
infinite dilution partial molar volume is calculated from the line of best fit of those points. For
most systems, the infinite dilution partial molar volume can be calculated within ±0.3% uncertainty
in ̅ . Application to hydrophobic cavity dewetting detection is developed in Chapter 3. Appendix
B contains detailed operating procedures for the densimeter.
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CHAPTER 2.

MICELLE STRUCTURE AND HYDROPHOBIC
HYDRATION

Reprinted (adapted) with permission from Long, J. A.; Ranking, B. M.; Ben-Amotz, D. Micelle
Structure and Hydrophobic Hydration. J. Am. Chem. Soc. 2015, 137, 10809. Copyright 2015
American Chemical Society.

2.1

Introduction
Micelles formed of surfactants dissolved in water are ubiquitous, not only as household

soaps and detergents but also in drug delivery, oil recovery, and environmental remediation
applications. Although micelles are often envisioned as spherical aggregates with a dry
hydrocarbon core and a water-exposed polar exterior,27-32 longstanding questions remain regarding
the surface roughness and hydrophobic hydration of micelles.33-42 We address these questions by
combining Raman spectroscopy and multivariate curve resolution (Raman-MCR)5,43-45 to reveal
that micelles contain hydrated non-polar cavities whose water-exposed surface area increases with
surfactant chain length.
Previous NMR,33,36,46 neutron scattering,2,47,48 X-ray scattering,34,39 EPR,49 and molecular
dynamics (MD) simulations,2,50-53 have led to widely varying conclusions regarding micelle
structure and hydration.27-39 Although it is often stated that water penetration does not extend
significantly beyond the first 2−4 methylene groups adjacent to the surfactant headgroup,2,47-49
numerous early NMR,33,36 X-ray,34 thermodynamic54-56 and transport56,57 property studies
concluded that micelles have highly hydrated and/or nonspherical structures with up to ∼10 water
molecules per surfactant, and up to ∼50% of the total volume of a micelle consisting of water
(although in some of these studies the inferred hydration includes water molecules bound to the
polar head groups).
Figure 2.1 compares predictions and structures pertaining to several micelle models. The
surface area predictions in Figure 2.1A were obtained assuming an idealized spherical micelle
structure composed of surfactants of various carbon chain lengths with a uniform liquid-like
density and experimentally derived aggregation numbers (see Section 2.2.1 for further details).
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Importantly, these predictions imply that such idealized smooth spherical micelles would have an
approximately chain-length independent surface area per surfactant. They also predict that about
60% of the surface of such micelles is non-polar, implying that over 20% of the surfactant nonpolar groups are exposed to water. Although these predictions pertain to a minimalist spherical
model, they are generally consistent with predictions obtained using more sophisticated spherical
statistical mean field micelle models28,30,31,38 such as the Gruen model illustrated in Figure 2.1B,58
which predicts that “...all segments of the chain spend some time in a hydrophilic environment...”,
although segments near the headgroup are exposed to water 80%−90% of the time, compared to
10%−20% for segments far from the headgroup.30,31 Figure 2.1C shows a cross-sectional snapshot
of a decyltrimethylammonium bromide (C10TAB) micelle derived from neutron scattering
measurements combined with EPSR MD simulations.2 The latter study concluded that “surfactant
tail groups are hidden away from the solvent to form a central dry hydrophobic core...”, although
there are a “...significant number of alkyl groups in the polar shell of the micelle”. In contrast,
Figure 2.1D3 illustrates a quite different micelle structure inferred from small-angle X-ray
scattering measurements of aqueous sodium octanoate (C7COONa) surfactant solutions, implying
that micelles have a quite small hydrophobic core with “considerable hydration of the micelles and
penetration of water between the hydrocarbon chains”. The latter conclusion is generally consistent
with the Menger model, which implies that “although micelles have a non-polar core, water
penetrates deeply into the structure”.36
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Figure 2.1 (A) Water-exposed surface area of an idealized spherical micelle (with a liquid like
density). About 60% of the surface is predicted to be non-polar, with an approximately chainlength-independent surface area per surfactant. The error bars arise from uncertainties in the
experimentally derived aggregation numbers (as reported in Section 2.2.1). (B) Schematic of the
Gruen micelle model obtained using statistical mean field calculations, assuming a liquid-like
density with a dry core.1 (C) Cross-section of a micelle obtained from neutron scattering
measurements and EPSR MD simulations.2 (D) Schematic micelle model inferred from X-ray
scattering measurements,3 showing deep “wedges” into which water can penetrate, surrounding a
small dry core.

We use Raman-MCR5-7,43-45,59,60 to critically test and distinguish such alternative micelle
structures, by probing the hydration shells of CnCOONa and CnTAB surfactants of various chain
lengths (7 ≤ n ≤ 12), at concentrations ranging from ∼0.5 times below to ∼10 times above the
critical micelle concentration (CMC), as well as after solubilizing n-hexane-d14 and benzene-d6.
Of the micelle structures illustrated in Figure 2.1, our experimental findings are most consistent
with that shown in Figure 2.1D,3 as well as with the Menger model.36
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2.2

Methods

2.2.1

Spherical Micelle Prediction
The following assumptions were made in obtaining the water-exposed surface area (SA)

predictions shown in Figure 2.1A: (1) the micelles have a perfectly spherical structure, (2) the
interior of each micelle has a liquid-like density, defined by assuming that the total volume of the
micelle is twice the total van der Waals volume61 their counter ions), and (3) each micelle contains
nagg of the surfactant molecules in the micelle (including their head groups but excluding surfactant
monomers, where nagg is obtained from an average of experimentally derived aggregation numbers
(as summarized in Tables 2.1 and 2.2). The third column in Table 2.1 contains the predicted radii
of micelles composed of CnTAB surfactants with different chain lengths, from which the results
in Figure 2.1A were obtained. Note that these radii are approximately consistent with
experimentally derived average micelle radii.62,63 Table 2.2 shows experimental nagg values for
CnCOONa surfactants, demonstrating that the aggregation numbers of these anionic surfactants
are comparable to those of the cationic surfactants with the same tail chain lengths.

Table 2.1 CMC, aggregation numbers, and micelle radii of CnTAB surfactants.
Critical micelle
concentration

Aggregation number
a

Surfactant

CMC (M)

nagg

C8TAB

0.1564

2765

C10TAB

0.06764

44 ± 566,67

C12TAB

64

0.016

74

C14TAB

0.0037

C16TAB

0.00164

a

average of cited literature values

Micelle Radius
rm (Å)
14.1
17.3

47,66,68‐73

20.8

47,68,71,73‐76

22.0

66 ± 13

70 ± 19

94
3147,48,66,68,71,73,77,78

±

25.1

15
Table 2.2 CMC and aggregation numbers of CnCOONa surfactants.
Critical micelle
concentration

Aggregation number

Surfactant

CMC (M)

nagga

C7COONa

0.35064

17 ± 551,79‐83

C9COONa

0.09864

40 ± 582,84‐86

C11COONa

0.02464

64 ± 1782,87,88

a

average of cited literature values

The surface area (SA) per surfactant of the micelle was calculated using Equation 2.1:
4
where

2.1

is the radius of the micelle, which was obtained from the micelle volume, as described

above. The contribution of the head group to the total water-exposed surface area was
approximated as the area of a circle of 3.5 Å radius, which is similar to the radius of a trimethylammonium head group.61

2.2.2

Headgroup and Counterion Subtraction
As described in Section 1.2.2 and further discussed in Sections 2.3 and 2.4, hydration shell

features arising due to waters perturbed by nonpolar (particularly anionic) solutes overwhelm
hydrophobic hydration shell features.
The broad OH features at ~3400 cm-1 in Figure 2.2A are due largely to water molecules
that are H-bonded to the carboxylate headgroup of sodium decanoate (C9COONa), as evidenced
by the appearance of a very similar band in the hydration shell spectrum of sodium formate
(HCOONa).45 The hydration shell OH band centered at ~3400 cm-1 in the SC spectrum of C10TAB
in Figure 2.3A arises primarily from water molecules that are hydrogen bonded to the Brcounterions, as evidenced by the fact that a similar band appears in the hydration shell spectrum
of aqueous NaBr solutions.10
In order to suppress the SC OH band arising from the carboxylate headgroup and
trimethylammonium bromide counterion, and thus highlight features arising from the hydrophobic
hydration shell of the surfactant’s tail, we have implemented a Raman-MCR headgroup subtraction
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procedure by including an equimolar concentration of HCOONa or NaBr in the solvent reference
solution, as previously described.44,45 In other words, since the carboxylate headgroup or the
bromide counterion is now present in both the surfactant solution and in the solvent reference
solution, the resulting Raman-MCR SC spectrum contains OH features arising primarily from the
surfactant’s hydrophobic hydration shell.

2.2.3

Spectroscopic Details
Raman spectra were collected at 20.00°C using a temperature controlled spectroscopic cell

holder (LC600, Quantum Northwest), and a home-built Raman instrument (described in Section
1.1.1) utilizing a 514.5 nm argon ion excitation laser with a power of ~15 mW at the sample (as
previously described)5. Two or four spectra, each with an integration time of 5 minutes, were
collected for each solution. The Raman-MCR analyses of the measured solution Raman spectra
were performed using self-modeling curve resolution5,7 (SMCR), implemented in Igor Pro 6.34A
(WaveMetrics, Inc.).

2.2.4

Chemical Details
Dodecanoic acid (98%, Aldrich), decanoic acid (98.0+%, Sigma), octanoic acid (98+%,

Aldrich), sodium formate (99.0+%, Sigma-Aldrich), sodium hydroxide (98.5%, Acros Organics),
dodecyltrimethylammonium bromide (99%, Acros Organics), decyltrimethylammonium bromide
(99%,

Acros

Organics),

trimethyloctylammonium

bromide

(98.0+%,

Aldrich),

hexyltrimethylammonium bromide (99.0+%, Fluka), tetramethylammonium bromide (98+%,
Sigma-Aldrich), sodium bromide (99.52%, J.T. Baker), n-hexane-d14 (99.3% D, CDN Isotopes),
and benzene-d6 (99.5% D, Cambridge Isotope Laboratories, Inc.) were used without further
purification. Aqueous solutions were prepared using ultrapure water (Milli-Q UF Plus, 18.2
MΩ·cm, Millipore). Aqueous carboxylate solutions were prepared by adjusting the pH to ~7.6
(±0.4) by adding an equimolar amount of sodium hydroxide (solid pellets, Mallinckrodt) such that
>95% of the carboxylic acids were converted from CnCOOH to CnCOO-. The pH was measured
using a Pinnacle 530 pH meter (Corning).

17
2.3

Anionic Surfactant Hydration Shell Spectra
Figure 2.2A shows the Raman spectra of pure water and a 0.05 M aqueous solution of

sodium decanoate (C9COONa), as well as the resulting surfactant solute-correlated (SC) spectrum
obtained using Raman-MCR. More specifically, the latter SC spectrum of C9COONa was obtained
by using self-modeling curve resolution (SMCR) to decompose the measured Raman spectra of
aqueous surfactant solutions into bulk solvent (pure water) and SC components.5-7,43 The resulting
SC spectrum, purple curve in Figure 2.2A, reveals Raman features arising from the intra-molecular
vibrations of the surfactant, such as the surfactant CH stretch (at ∼2800−3050 cm−1), as well as
hydration shell OH stretching features (at ∼3100−3700 cm−1), arising from water molecules whose
vibrational structure is perturbed by the surfactant. Note that previous studies indicate that Na+ has
little or no influence on Raman-MCR spectra (as the OH stretch vibration of water around Na+
closely resembles the OH stretch of bulk water molecules),10 and therefore the SC OH stretch band
arises primarily from the hydration shell of the anionic surfactant.
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Figure 2.2 (A) Raman spectra of pure water (dashed blue), an aqueous solution of 0.05 M
sodium decanoate (C9COONa) (black), and the resulting SC spectrum of 0.05M C9COONa
(purple) after subtracting a linear baseline. (B) SC spectra of C9COONa with sodium formate
headgroup subtraction below the CMC (0.05 M, solid blue) and above the CMC (1.0 M, red).
The inset in (B) shows an expanded view of the hydration shell OH bands. (C) The average
number of excess dangling OH groups per hydration shell k for n-alcohols and CnCOONa
surfactants at concentrations below (open blue points) and 5 times above their respective CMCs
(solid red points).
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Figure 2.2B shows headgroup-subtracted SC spectra obtained using the procedure described
in Section 2.2.2, both below (0.05 M, blue) and above (1.0 M, red) the CMC of C9COONa (~0.098
M).64 Note that the formation of micelles induces changes in both the surfactant’s hydration shell
OH band and its tail CH (whose mean frequency is shifted by about ∼8cm−1, and shape is changed,
with little change in width). The SC spectra in Figure 2.2B are normalized to the corresponding
CH band area, and thus the associated SC OH bands (which are expanded in the inset panel) reveal
the substantial decrease in the hydrophobic hydration shell OH population upon micelle formation.
The hydration shell OH bands shown in Figure 2.2B contain both broad H-bonded OH
features between ∼3100−3500 cm−1 and a relatively sharp peak at ∼3660 cm−1. The broad Hbonded OH band is quite similar to that previously observed in the hydrophobic hydration shells
of alcohols,5,44 and carboxylic acids,45 whose highly polarized lower frequency shoulder at ∼3200
cm−1 implies that water has greater tetrahedral order near non-polar groups (note that clathrate
hydrates also contain a prominent polarized Raman band in this region).5 The small sharp peak at
∼3660 cm−1 arises from the excess population of dangling (non-H-bonded) OH groups on water
molecules in non-polar hydration shells.44,60 The fact that the dangling OH peak remains quite
prominent after micelle formation implies that a substantial number of water molecules remain in
contact with the surfactant tail (as further discussed in Section 2.5).
Although we are not able to precisely quantify the number of water molecules that remain
in contact with the surfactant’s non-polar tails in a micelle, the results in Figure 2.2B imply that
those water molecules are more likely to contain dangling OH groups and thus less likely to be Hbonded. Moreover, the results in Figure 2.2B imply that between ∼15% and ∼60% of the water
molecules that were in the non-polar surfactant hydration shell of an isolated (non-aggregated)
surfactant remain after micelle formation. More specifically, these lower and upper bounds are
obtained from the decrease in the H-bonded and dangling OH band areas upon micelle formation,
respectively, (after correcting for the residual free monomer contribution). Note that the lower
bound of ∼15% is clearly an underestimate, as it is less than the value of ∼20% predicted for
idealized spherical micelle structures (as shown in Figure 2.1A). Moreover, our chain-lengthdependent Raman-MCR results reveal that water penetrates significantly beyond the first few
carbons near the polar headgroup, and provide strong evidence that micelles have a highly
corrugated surface structure (as further explained in Section 2.5), thus implying that more than
20% of the non-polar groups in a micelle are exposed to water.
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2.4

Cationic Surfactant Hydration Shell Spectra
Figure 2.3A shows the Raman spectra of pure water and a 0.05 M aqueous solution of

decyltrimethylammonium bromide (C10TAB), as well as the resulting surfactant Raman-MCR SC
spectrum (purple curve). Figure 2.3B shows the SC spectra of C10TAB obtained after
implementing the counterion-subtraction procedure described in Section 2.2.2, both below (0.05
M) and above (1.0 M) CMC (∼0.065 M).64 Again, we observe aggregation-induced changes in
both the hydration shell OH band, and the surfactant’s CH band (whose mean frequency red-shifts
by ∼9cm−1 upon micelle formation). However, the hydration shell of C10TAB, and particularly the
way it changes upon micelle formation, is quite different from that of the anionic (C9COONa)
surfactant. More specifically, upon micelle formation the C10TAB hydration shell OH area only
decreases by ∼18 ± 2%, while its high-frequency edge is found to red-shift (by ∼48 cm−1). The
small decrease in the SC OH band area is likely due to the fact that the trimethylammonium
headgroup contributes significantly to the C10TAB hydration shell spectrum, as evidenced by the
headgroup OH band (dashed spectrum) in the inset panel of Figure 2.3B. The latter Raman-MCR
headgroup SC OH was obtained from an equimolar solution of tetramethylammonium bromide,
scaled by a factor of 3/4 (since the cation contains four methyl groups while the surfactant
headgroup contains three methyl groups). Although the prominent headgroup contribution makes
it difficult to quantify the number of H-bonded waters adjacent to the surfactant tail, it is clear that
more than half of the H-bonded OH band area arises from water molecules around the headgroup.
Moreover, the red-shift of the hydration shell OH band edge implies that the H-bonds between
water molecules in the micelle are somewhat stronger than those in bulk water. More importantly,
note that, once again, a prominent dangling OH peak at ∼3660 cm−1 remains after micelle
formation. Moreover, it is clear that those dangling OH groups arise from water molecules around
the surfactant tail, as the headgroup OH spectrum in Figure 2.3B contains little evidence of a
dangling OH band.44 Thus, the fact that the surfactant dangling OH peak remains prominent above
CMC again implies that the surfactant hydrocarbon chains remain significantly hydrated in these
cationic micelles (as further discussed in the Section 2.5).
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Figure 2.3 (A) Raman spectra of pure water (dashed blue) an aqueous solution of 0.05 M
decyltrimethylammonium bromide (C10TAB) (black), and the corresponding SC spectrum of 0.05
M C10TAB (purple) after subtracting a linear baseline. (B) SC spectra of C10TAB with Br−
counterion subtraction below the CMC (0.05 M, solid blue) and above (1.0 M, red) CMC. The
inset in (B) compares the hydration shell spectra with counterion subtraction below and above
CMC. The dashed black curve pertains to the hydration shell spectrum of a tetramethylammonium
cation, scaled by a factor of 3/4 (since the cation contains four methyl groups while the surfactant
headgroup contains three methyl groups). (C) The average number of excess dangling OH groups
per hydration shell k for n-alcohols and CnTAB surfactants, at concentrations below and 3 times
above their respective CMCs.

22
Uncertainties regarding the −N(CH3)3+ headgroup and Br− counterion hydration make it difficult
to quantify the CnTAB SC micelle hydration shell band areas. This is in part because the
−N(CH3)3+ headgroup is rather hydrophobic and so is likely to partially dehydrate upon micelle
formation.89,90 Moreover, uncertainties regarding the degree of dehydration of the Br- counterions
further limit our ability to quantify micelle formation induced changes in the areas of H-bonded
and dangling OH bands (as further described in Section 2.5.2).

2.5

Dangling OH Chain Length Dependence
Figures 2.2C and 2.3C show how the excess number of dangling OH groups (per surfactant)

k depends on surfactant chain length, both above (blue open points) and below (red solid points)
CMC, as well as comparisons with previously reported k values obtained from aqueous n-alcohol
solutions (green open points).44 The k values were obtained from the area under the dangling OH
peak in the SC spectrum, as previously described.44 The solid points in Figures 2.2C and 2.3C
represent the k values obtained after removing the contribution from free monomers that are in
equilibrium with the micelles, assuming that the free monomer concentration is equal to the CMC
(as further described in Section 2.5.1). Comparisons of the open blue and green points in both
Figures 2.2C and 2.3C indicate that the average number of surfactant dangling OH groups (before
micelle formation) has a nonlinear chain length dependence that is roughly consistent with that
previously reported for n-alcohols (and ascribed to the cooperativity of the dangling OH formation
process).44
Comparisons of the open blue and solid red points in both Figures 2.2C and 2.3C imply that
the excess number of dangling OH groups in the hydrophobic hydration shell of each surfactant in
a micelle is comparable to that around a fully hydrated surfactant (below CMC). Most importantly,
the number of such hydrophobic water molecules (per surfactant) clearly increases with chain
length. The significance of this increase becomes evident when recalling that smooth spherical
micelles are predicted to have an approximately chain-length independent non-polar surface area
per surfactant, as indicated by the results in Figure 2.1A. Moreover, one would expect to see a
chain-length independent dangling OH probability for nearly spherical micelles in which water
only penetrates to the first 2−4 methylene groups adjacent to the polar headgroup (as is commonly
assumed to be the case).2,47-49 Thus, the fact that we have observed that k is strongly chain-length
dependent implies that micelles do not have a nearly spherical (and smooth) structure, as water
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evidently remains in contact with the hydrocarbon chain well beyond the first 2−4 methylene
groups adjacent to the headgroup. In other words, the fact that k increases with n above CMC
implies that micelle surfaces contain water-permeable cavities whose water-exposed surface area
increases with increasing surfactant chain length. Moreover, the results presented in Section 2.6
confirm that, underlying this highly corrugated and hydrophobically hydrated surface, there is dry
oily core.

2.5.1

Correcting for Monomer Contribution to Surfactant Hydration in a Micelle
The average number of dangling OH groups per surfactant k in Figures 2.2C and 2.3C

was calculated from the measured areas of the dangling OH in the Raman-MCR solute-correlated
(SC) spectra, as previously described.44 The reported k values obtained from aqueous solutions
above the CMC were corrected for the fact that such solutions contain both micelles and free (nonaggregated) monomers. More specifically, Equation 2.2 may be used to decompose the total
number of dangling OH groups per surfactant into contributions arising from monomeric
surfactants k

monomer

and aggregated surfactants k

micelle,

where f corresponds to the fraction of

the total number of surfactants that are in the monomeric state. Note that k

monomer

is separately

determined from the average number of dangling OH groups around a fully hydrated, monomeric
surfactant, as calculated from the dangling OH area of the SC spectra below the CMC (and shown
in open points in Figures 2.2C and 2.3C).
〈 〉

〈 〉

1

〈 〉

2.2

The value of f may be approximated by assuming that the equilibrium concentration of
monomers CM is equal to the CMC and is invariant to the total concentration. Table 2.3 compares
f values obtained when either CM = CMC or when CM is assumed to decrease with increasing total
concentration (as in Ref. 91). Note that the f values are independent of both surfactant and chain
length. Moreover, the non-linear dependence of k on surfactant chain length shown in
Figures 2.2C and 2.3C is independent of which f values are used.
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Table 2.3 Fraction of surfactant monomers f as a function of total concentration.

2.5.2

Multiple of

f

CMC

CM = CMC

CM < CMC

1

1

0.99

3

0.33

0.24

5

0.2

0.12

10

0.1

0.04

Effect of the Reference Solvent Concentration on Raman-MCR Spectra
The SC spectra in Figures 2.2B and 2.2C were obtained by implementing a head group or

counter-ion subtraction procedure, in which an equimolar concentration of HCOONa or NaBr was
added to the water solvent to suppress HCOO- or Br- hydration shell features. Here, we illustrate
the effect of changing the concentration HCOO- or Br- in the reference solvent solution on the
resulting MCR surfactant SC hydration shell spectral shape and area. Note that using an equimolar
subtraction procedure assumes that the hydration state of the head group or counter-ion is the same
in both the aqueous surfactant and reference solvent solutions. If there were some decrease in the
degree of hydration of the head group and/or Br- counter-ion upon micelle formation, then it may
be more appropriate to use a reference solvent with a slightly lower head group or counter-ion
concentration. To investigate the influence of such effects on our Raman-MCR spectra we have
varied the reference solvent head-group and counter-ion concentration by up to a factor of two,
and the resulting Raman-MCR surfactant SC spectra are shown in Figure 2.4, which were all
obtained using a surfactant concentration of 1 M. These results reveal that reducing the
concentration by a factor of two (to 0.5 M) produces a SC spectrum that contains a prominent
head-group or counter-ion band at ~3400 cm-1, which only disappears when the reference
concentration is increased to between 0.8 M and 1 M. This implies that the head group and counter
ion remain at least 80% hydrated in the micelle. The dangling OH bands obtained when using a
reference solvent concentration of 0.8 M are quite similar in magnitude to those obtained when
using an equimolar (1M) reference solvent. More specifically, when changing the reference
solvent concentration from 1 M to 0.8 M, the resulting values of k decrease by less than 10% for

25
the C9COONa micelle and less than 40% for the C10TAB micelles. More importantly, the dangling
OH band areas remain strongly dependent on surfactant chain length, as shown in Figures 2.2C
and 2.3C.
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Figure 2.4 Comparison of the Raman-MCR SC spectra of (A) 1.0 M C9COO- and (B) C10TAB
obtained when varying the solvent reference solution concentrations of the (A) head-group HCOOor (B) counter ion Br-. All the SC spectra are normalized to the corresponding CH band area. The
inset panels show an expanded view of the SC OH hydration-shell features (including the dangling
OH band). The dashed curves in the insets of (A) and (B) correspond to the HCOO- and Br- SC
spectra, respectively.

2.6

Uptake of Hydrophobic Probes by Micelles
Numerous previous studies have employed small molecules39,92-98 or functionalized

surfactants33,36,46,99 to probe the hydration of micelle interiors. However, in many cases the probes
have contained polar groups (such as −F, −Cl, or C=O)33,36,83,94,98,99 which might carry water
molecules into the micelle. Thus, we have chosen to probe the polarity of micelle interiors using
non-polar perdeuterated n-hexane-d14 and benzene-d6 probe molecules. Although we are not the
first to employ benzene or alkanes as probes92,93,95,96 of micelle interiors, these studies are the first
to use Raman-MCR for such studies and (to the best of our knowledge) the first to use vibrational
(C-D) frequency shifts to probe the polarity of micelle cores.
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We have introduced the non-polar probes into micelles using a slow equilibration procedure,100
rather than mechanical mixing or sonication (which might produce highly non-equilibrium
structures). More specifically, we introduced the probes by placing a layer of oil (either n-hexaned14 or benzene-d6) over an aqueous surfactant solution (either C9COONa or C10TAB), as illustrated
by the schematic in Figure 2.5A, and allowed the system to slowly equilibrate over a period of
several days (or weeks). Raman spectra of the aqueous phase were collected periodically in order
to quantify the uptake of the deuterated oil molecules by the non-deuterated micelles (as evidenced
by the growing CD stretch bands in Figure 2.5).
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Figure 2.5 Surfactant SC spectra obtained 1 (blue), 2 (green), and 3 (red) weeks after the addition
of deuterated hydrophobic probes into 1.0 M surfactant solutions. The schematic in panel A
illustrates the oil/surfactant solution system. Addition of hexane-d14 (A) or benzene-d6 (B) to
C9COONa micelles. Addition of hexane-d14 (C) or benzene-d6 (D) to C10TAB micelles. The inset
panels display the frequency of the CD stretch Raman peak of the deuterated probe over time
(black points) compared to the same deuterated probe in pure hexane (red line) or water (solid blue
line for benzene-d6 CD Raman peak in water, while the dotted blue line represents estimated
hexane-d14 CD Raman peak position in water, obtained by assuming the same frequency difference
as 1-hexanol-d13 from oil to water).
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Figure 2.5 shows the resulting surfactant SC spectra obtained from 1.0 M aqueous solutions
of C9COONa (panels A and B) and C10TAB (panels C and D) in the presence of hexane-d14 (panels
A and C) and benzene-d6 (panels B and D). In all cases, the intensity of the CD stretches of the
micelle solubilized hexane-d14 (2120 cm-1) and benzene-d6 (2295 cm−1) was found to slowly
increase over time. Note that the low aqueous solubility of benzene (~0.023 M)101 and much lower
aqueous solubility of hexane (~1.1 × 10−4 M)101 imply that the observed increase arises virtually
entirely from uptake of these non-polar probe molecules by the micelles. Both molecules
incorporated into the carboxylate micelles at similar rates, which was also similar to the rate at
which hexane was taken up by the C10TAB micelles. However, benzene incorporated into the
C10TAB micelles at a somewhat higher rate (as further discussed below). After 3 weeks, the total
number of solubilized probes was ~5 hexane-d14 molecules per C10TAB micelle and ~8 per
C9COONa micelle, while ~11 benzene-d6 molecules were taken up by each C9COONa micelle and
~36 by each C10TAB micelle. Since there are ~45 surfactants in both the C9COONa and C10TAB
micelles,86,102 our results indicate that each micelle contained significantly fewer probe molecules
than surfactant molecules.
To determine the polarity of the environment surrounding the probe molecules, we
compared the CD stretch frequencies of the probes in the micelles to those of the same (or similar)
molecules in pure water and pure n-hexane. The red horizontal lines in Figure 2.5 correspond to
the CD frequency of hexane-d14 (panels A and C) and benzene-d6 (panels B and D) dissolved in
(non-deuterated) liquid n-hexane. The solid blue line in Figure 2.5, panels B and D, represents the
CD frequency of benzene-d6 in water. The dashed blue lines in Figure 2.5, panels A and C, are
estimates of the CD stretch frequency of hexane-d14 in water obtained by measuring the difference
between the CD peak frequency of 1-hexanol-d13 when dissolved in hexane and water. The points
in Figure 2.5 are the CD stretch frequencies of the probes within the micelles. These results reveal
that the CD stretch Raman shift of hexane-d14 in both the C9COONa and C10TAB micelles is
indistinguishable from the CD frequency of hexane-d14 dissolved in n-hexane, thus clearly
implying that n-hexane-d14 is solubilized into a region of the micelle that resembles a dry bulk oil
phase. This conclusion is consistent with previous NMR studies showing that alkanes are
solubilized in the interior of micelles.92,96,103,104 Similarly, the results in the inset of Figure 2.5B
imply that benzene-d6 is also solubilized in a dry oil-like environment within C9COONa micelles,
again consistent with some previous studies.95,103 However, our results do not appear to be
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consistent with other studies in SDS micelles implying that that benzene is either uniformly
distributed throughout the micelle97,104 or remains at the micelle−water interface.93 Moreover, the
inset of Figure 2.5D shows, unexpectedly, that the CD stretch frequency of solubilized benzened6 is red-shifted to a greater degree than when it is transferred from water to liquid hexane. Thus,
benzene is evidently in an environment that is neither like water nor like hexane, implying a
significant interaction between benzene and the surface of the C10TAB surfactants, as suggested
by previous studies.97,104 The anomalous CD frequency shift, as well as the higher rate at which
benzene is taken up by C10TAB micelles, suggest the importance of cation−π interactions between
benzene and the cationic surfactant headgroup.97,104 However, previous spectroscopic
measurements of benzene−water and benzene−cation clusters indicate that cation−π interactions
produce a blue-shift rather than a red-shift in the corresponding aromatic CH stretch
frequencies.105-108 Thus, our observation of an anomalously large red-shift of the CD stretch of
benzene-d6 in C10TAB micelles suggests that benzene may also interact with the bromide (Br−)
counteranions, which are known to red-shift the CH stretch of benzene in aqueous salt solutions.109
Thus, our results suggest that benzene molecules near the micelle surface interact with both the
−N(CH3)3+ head groups and Br−counterions.
Although some previous studies have suggested that non-polar probes may expel water
molecules from the micelle interior,103 we see no evidence of such probe induced drying in our
Raman-MCR spectra. More specifically, if there were such probe-induced drying then we would
expect to see a significant decrease in the SC OH band area with increasing probe solubilization,
which is not evident in the spectra shown in Figure 2.5.

2.7

Summary and Discussion
Although the structure of micelles has been a topic of longstanding interest,27-40 previous

studies have often reached conflicting conclusions regarding the surface roughness and
hydrophobic hydration of micelles.35 The present Raman-MCR results have addressed these
questions by measuring changes in the vibrational spectra of surfactant hydration shells upon
micelle formation, and using solubilized hexane and benzene to probe the polarity of the micelle
core.
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Our findings indicate that surfactant tails remain significantly hydrated, with well over 20% of the
surfactant methylene groups remaining in contact with water within the micelle. Moreover, the
relative areas of the hydration shell H-bonded and dangling OH bands imply that water molecules
within micelles have a lower H-bonding probability than water molecules in the hydrophobic
hydration shells of isolated (non-aggregated) surfactants dissolved in water.
Additionally, we have observed a strong chain-length-dependent increase in the average
number of hydrophobic hydration shell dangling OH groups (per surfactant). This observation
provides compelling evidence that micelles do not have a smooth (nearly spherical) surface, but
rather must contain non-polar pores whose surface area increases with increasing surfactant chain
length. Although such a surface area increase may in principle be due to either an increase in the
number or depth of the non-polar pores (per surfactant), we favor the latter explanation, as it is
physically reasonable to expect that longer surfactants will facilitate the formation of deeper pores.
Note that the formation of such pores also implies that micelles have a remarkably low surface
tension, which does not seem to be consistent with assumptions made in formulating the Gruen
model.1
Although our results are incompatible with smooth spherical micelle models (including
ones in which water only penetrates to the first few methylene groups adjacent to the polar
headgroup),2,47-49 our findings are generally consistent with models such as that shown in Figure
2.1D,3 whose surface contains deep, water-accessible “wedges”, as well as with the similar Menger
model.36 In keeping with the structure illustrated in Figure 2.1D, our dangling OH observations
further imply that micelle hydrophobic pores have a depth that increases with surfactant chain
length. Moreover, in keeping with Figure 2.1D and the Menger model, our non-polar probe results
confirm that micelles retain a substantially dry hydrophobic core.
One might expect molecular dynamics simulations to provide invaluable information
regarding micelle structure and hydration.2,53,110 However, it is only now beginning to become
feasible to perform such simulations on systems that are sufficiently large, with sufficiently long
simulation times, to realistically describe fully equilibrated micellar systems. Nevertheless,
simulations have already provided important insights. For example, a recent interestingly designed
set of simulations suggests that the degree of delocalization of the head groups at the micelle
surface can significantly influence the distribution of solubilized molecules.53 Another large-scale
simulation, which formed micelles from a random distribution of surfactants, has concluded that
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the concentration of free monomers may decrease rather than remain constant above CMC.91 We
have initiated an effort to perform large-scale fully equilibrated micelle simulations, in
collaboration with Prof. Dominik Horinek’s group. Preliminary results of those simulations reveal
micelles with highly corrugated surfaces and substantial hydrophobic hydration.
Our conclusion that micelles composed of ionic surfactants do not have a smooth spherical
structure implies that the average distance between the ionic head groups is greater than the ~1 nm
separation predicted for an idealized smooth spherical micelle, as indicated by the ~90 Å2 (~0.9
nm2) area per surfactant shown in Figure 2.1A. This conclusion is consistent with studies of ionic
surfactant stabilized oil nanodroplets whose interfacial surfactant concentration was found to
saturate at an area >4 nm2 per surfactant,111 implying an average separation >2 nm. Thus, the nonspherical interfacial structure of micelles may be linked to the fact that that the optimal distance
between ionic head groups is larger than that in an idealized spherical micelle. It is also noteworthy
that oil drops stabilized by non-ionic surfactants have been found to accommodate significantly
higher surface densities (with an area per surfactant of <0.5 nm2),112,113 and thus non-ionic micelles
may prove to have structures quite different from those of ionic micelles.41,42
The resemblance of proteins to micelles has played an important role in the early
development of biochemistry, as proteins were initially postulated to be colloidal aggregates.114
This is certainly not such a far-fetched idea, as both proteins and micelles are driven to selfassemble by a delicate balance of non-covalent hydrophobic and hydrophilic interactions. It is also
noteworthy that, like micelles, approximately 60% of the water-exposed surface of soluble proteins
is composed of non-polar groups.115 The present results further imply that the structures of micelles
and proteins may be even more similar than generally recognized, as neither micelles nor proteins
are perfectly spherical, and both are prone to form water-accessible hydrophobic cavities.
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CHAPTER 3.

3.1

PARTIAL MOLAR VOLUME DETECTION OF CAVITY
DEWETTING

Introduction
The hydrophobic drying transition that has been predicted to take place around large

idealized (purely-repulsive) solutes dissolved in water116,117 is suppressed,118 but evidently not
entirely eliminated,119,120 by oil-water attractive interactions.121 Although the implication of such
hydrophobic crossover phenomena remains an open question, its potential biological relevance is
exemplified by experimental and theoretical results indicating that the hydrophobic cavities of
some proteins remain dry when dissolved in liquid water122-125– although this too is not an entirely
settled question.125,126 Here we provide definitive experimental evidence of a hydrophobic drying
transition by comparing the partial molar volumes of a family of synthetic macromolecular hosts
(“cavitands”) synthesized by Professor Bruce Gibb’s group at Tulane University. This
experimental evidence is consistent with preliminary molecular dynamics (MD) simulation results
provided by the Ashbaugh group at Tulane University, which imply a dewetting transition due to
structural orientation differences in the macromolecular hosts.
The structures of the cavitands—octa-acid (OA)127,128, tetra-exo-methyl octa-acid
(TXMOA), and tetra-endo-methyl octa-acid (TEMOA)129,130—are shown in Figure 3.1. Note that
TEMOA and TXMOA have identical structures except for the four methyl groups near the cavity
rim, which are either tilted in toward the cavity (TEMOA) or out away from the cavity (TXMOA).
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OA

TXMOA

TEMOA

Figure 3.1 Structures of cavitand hydrophobic hosts—OA, TXMOA, and TEMOA. Note that
TXMOA and TEMOA differ from OA by the addition four methyl groups (dark blue) around the
rim of the cavity and that those methyl groups either are oriented away from (TXMOA) or in
toward (TEMOA) the cavity.

3.2
3.2.1

Methods
Partial Molar Volume and pH Measurements
Partial molar volume of the synthetic macromolecular hosts was calculated from density

measurements as described in Section 3.3. Density measurements were made as described in
Section 1.3.1 and Appendix B. Ultrapure filtered water was degassed by boiling for at least 15
minutes before density measurements and before preparing all aqueous solutions. For each set of
measurements, a sodium hydroxide solution with pH 12.7 ± 0.2 was prepared to use as the solvent
for solutions of the cavitand hosts. The solid hosts were dissolved in this solution by mass at
concentrations from 0 to 0.6 wt%.
Density of water and each solution was measured at 15.0, 25.0, and 35.0°C and atmospheric
pressure. To avoid the formation of air bubbles in the measurement cell, measurements were not
made above 35°C. The densimeter was cleaned as specified by the manufacturer and calibrated
using both degassed water and dry air before each set of measurements. Solution pH was measured
using a Pinnacle 530 pH meter (Corning).
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3.2.2

Chemical Details
Sodium hydroxide (98.5%, Acros Organics) was used without further purification. Aqueous

solutions were prepared using ultrapure water (Milli-Q UF Plus, 18.2 MΩ·cm, Millipore). The
synthesized macromolecular hosts were used as received from Professor Bruce Gibb’s research
group. The solid hosts contained water of crystallization ranging from 5 to 36 (± 3) waters/cavitand,
as determined by 1H NMR.

3.3

Partial Molar Volume Results
Figure 3.2 shows the inverse of measured densities of OA, TXMOA, and TEMOA solutions

as a function of cavitand mass fraction. The partial molar volume at infinite dilution ( ̅ ) of each
cavitand was calculated using Equation 3.1
̅
where

is the cavitand molar mass in g/mol,

1

3.1

--

is the measured density of the pure solvent

(which here is the sodium hydroxide solution used as the solvent for the cavitand solutions) in
g/cm3, and

is the initial dependence of the inverse of solution density on cavitand mass fraction

(which is constant at these low concentrations as the plot of invserse density (1/

) as a function

of mass fraction ( ) is linear in this range). The derivation of Equation 3.1 is described in
Appendix A, and partial molar volume calculations for solute and solvent are further discussed in
Section 1.3.
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Figure 3.2 Inverse of measured solution density as a function of cavitand mass fraction at 25°C.
Note the difference in the slopes of the plot for each cavitand, from which are derived differences
in partial molar volume.

Table 3.1 contains the average partial molar volume difference, ∆ ̅ , between each pair of
cavitands from three trials, measured at three temperatures. Note that the ∆ ̅ values obtained
using the procedure described above reflect both the volume of the anionic cavitand and the change
in volume due to the conversion of OH- to H2O upon ionization of the cavitand. However, if the
assumption can be made that all of the cavitands have the same degree of ionization, then the
difference in ∆ ̅ would be equivalent to the corresponding cavitand partial molar volume
differences (with no influence of hydroxide neutralization).

Table 3.1. Partial molar volume differences between the cavitands OA, TXMOA, and TEMOA.
∆ ̅ (cm3/mol)
̅
Temperature (˚C)
15
76 ± 5
25
75 ± 5
35
84 ± 4
̅

̅

153 ± 26
154 ± 30
156 ± 26

̅

̅

77 ± 26
78 ± 27
72 ± 29

̅
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The partial molar volume differences presented in Table 3.1 are qualitatively consistent
with predictions from MD simulation results performed by the group of Professor Hank Ashbaugh.
The partial molar volume difference between TXMOA and OA is predicted to be 73.3 ± 7.3
cm3/mol at 25°C, which is in excellent agreement with the experimental difference in Table 3.1.
These results are also consistent with the expected partial molar volume change upon addition of
four individual methyl groups131 to the cavitand (18 cm3/mol x 4 = 72 cm3/mol). Furthermore, the
simulations predict that the number of waters residing in the nonpolar pocket of OA and TXMOA
at 25°C and 1 atm is essentially the same at ~4 waters (4.07 ± 0.01 for OA and 3.97 ± 0.01 for
TXMOA), in agreement with the observation that the difference between these two cavitands is
likely due to the addition of the methyl groups.
However, the measured partial molar volume difference between the TEMOA and
TXMOA cavitands is 78 ± 27 cm3/mol, even though the two cavitands have identical molecular
weights and structure other than the orientation of the four methyl groups around the rim. The
simulation partial molar volume difference prediction is 48.3 ± 7.9 cm3/mol at 25°C. Both
simulation and experiment predict a larger partial molar volume of TEMOA than TXMOA, and,
because the difference between the two cavitand structures is the position of the methyl groups
around the rim, assuming that the partial molar volume difference is due to differences in cavity
hydration is reasonable. This is supported by the simulation predictions of the number of waters
in each cavity. As stated above, OA and TXMOA are predicted to be have on average ~4
waters/cavity, however TEMOA, under the same conditions, is predicted to be hydrated by
approximately two fewer waters, with an average of 2.16 ± 0.03 waters predicted in each TEMOA
cavity. The larger experimental partial molar volume difference (as compared to the simulation
prediction) implies that the TEMOA cavity is likely nearly completely dry. The simulation results
also reveal that the degree of drying is sensitive to small changes in interaction potentials, pressure,
and temperature, so the differences between MD prediction and experimental results are not
problematic. However, the very good qualitative agreement between the two methods
demonstrates great potential to further probe water structure and interpret measured partial molar
volume differences.
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3.4

Conclusions
A hydrophobic drying transition has been detected in a family of hosts containing

hydrophobic cavities through partial molar volume measurement comparison. This drying
transition occurs by changing the position of methyl groups around the rim of the hydrophobic
cavity. These results are also consistent with preliminary molecular dynamics simulation results,
which predict both partial molar volume differences and differences in the number of waters
hydrating the cavity. These combined experimental and simulation results demonstrate the effect
of water structure on partial molar volume and the ability to use simulations to interpret
experimentally-detected volume changes. The instrumentation and analysis used here can be
extended to partial molar volume and compressibility measurements across the entire
concentration range, and by comparing those measurements to simulation predictions, we can
probe water structure of binary and higher-order aggregates and host-guest complexes.
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CHAPTER 4.

4.1

RAMAN-MCR OF CAVITY HYDRATION AND HOSTGUEST COMPLEXATION

Introduction
Though essential to biological processes, host-guest binding systems are complex and result

of a combination of hydrophobic and electrostatic forces.132 In aqueous biological and
supramolecular systems, the presence or absence of water in hydrophobic host cavities has been
contemplated as a major factor in binding affinities.124,133-135 Water confined in hydrophobic
cavities has been described as high-energy or high-enthalpy water, however the exact state of this
confined water has yet to be ascertained.132,133,135-137 The detection of such waters should be
possible through the use of Raman spectroscopy and multivariate curve resolution (RamanMCR)7,8, which reveals the vibrational features of a solvent perturbed by a solute in solution. Here,
we show evidence that host-guest complexation can be observed and measured using Raman-MCR
and that the hydration of the host changes upon binding in cyclodextrins, crown ethers, and deepcavity cavitands. We also show that this method may be useful in observing the confined waters
in hydrophobic cavities by comparing the hydration-shell spectrum of the host before and after
complexation. The results that come from this technique will be useful for designing and
evaluating selective cavities for specific applications and controlling the presence and amount of
water confined in the host cavity.

4.2
4.2.1

Methods
Raman Measurement Details
Raman spectra were collected using the 514.5 nm excitation source and collection optics

described in Section 1.1.1. The backscattered Raman photons were dispersed using either the
grating with 300 grooves/mm (for Sections 4.3 and 4.5) or the grating with 1200 grooves/mm (for
Section 4.4). Two spectra of each solution at were acquired with five minutes integration time per
spectrum, and the spectra were acquired at 20.00°C. SMCR7,8 was implemented as described in
Section 1.2.1 using Igor Pro 6.37A (WaveMetrics, Inc.). Unless otherwise stated, the solutecorrelated (SC) spectra in this chapter have been normalized to the solute CH stretch band area.
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4.2.2

Capillary Raman Spectroscopy
The Raman spectra in Sections 4.3 and 4.4 were acquired from solutions in glass

spectroscopic cuvettes. Typically, 1-2 mL of solution were placed into these cuvettes for
measurement, requiring hundreds of milligrams of each host per solution. Due to the costly process
of synthesizing the cavitand hosts in small amounts in the Gibb group, using this amount of solid
cavitand for each solution was prohibitive. To avoid this, the cavitand solutions were prepared in
melting-point capillaries (~1.5 mm inner diameter). This allowed for 1-10 µL of solution to be
prepared, requiring less than mg amounts of solute. Solvent was added to a known mass of cavitand
in a capillary, and the cavitand was dissolved through physical agitation or sonication of the
capillary and solution. The capillaries were sealed using a freeze-pump-thaw method wherein the
solution was frozen with liquid nitrogen, the excess air in the capillary was evacuated using a
vacuum pump, and the capillary was flame-sealed. A copper (for thermal conductivity) insert was
designed for the capillaries in the temperature-controlled cuvette holder. The insert held three
cuvettes for temperature equilibration and allowed optical access to one. The insert was machined
by the Precision Machine Shop in the Department of Chemistry at Purdue University.

4.2.3

Chemical Details and Sample Preparation
beta-Cyclodextrin

(≥97%,

Aldrich),

heptakis(2,6-di-O-methyl)-beta-cyclodextrin

(Sigma), (2-hydroxypropy)-beta-cyclodextrin (Sigma), benzene (99.0%, Spectrum Chemical Mfg.
Corp.), hexane (≥99%, Sigma-Aldrich), benzene-d6 (99.5% D, Cambridge Isotope Laboratories,
Inc.), n-hexane-d14 (99.3% D, CDN Isotopes), 18-crown-6 (99%, Aldrich), tetraethylene glycol
dimethyl ether (≥99%, Aldrich), potassium chloride (ACS grade, Mallinckrodt), cesium chloride
(99.9%, Sigma-Aldrich), NaCl (ACS grade, Mallinckrodt), and NaOH (98.5%, Acros Organics)
were used as received without further purification. The octa-acid cavitand was used as received
from the group of Professor Bruce Gibb. Aqueous solutions were prepared using ultrapure filtered
water (Milli-Q UF Plus, 18.2 MΩ·cm, Millipore). Cavitand solutions were prepared by first
making a solution of pH ~12 NaOH and then adding the solid cavitand. This was done to dissolve
the octa-acid by deprotonating the acid groups and to prevent the octa-acid monomers from
aggregating in solution. The pH was measured with a Pinnacle 530 pH meter (Corning).

39
4.3

Raman-MCR of Cyclodextrin Complexation
Cyclodextrins provide a valuable opportunity to explore dewetting of hydrophobic cavities

and the effect of the role of confined water in binding. Cyclodextrins are water-soluble rings of
glucose monomers that contain a hydrophobic cavity. This cavity is hydrated, and experimental
and simulation results have suggested that these waters differ in structure from bulk water and are
“high energy” or “enthalpy rich” due to the lack of stabilizing hydrogen bonds to the bulk
solvent.133,135,136 These high-energy waters have been proposed as a driving force for cyclodextrin
inclusion-complex formation133-135, however more recent investigators have disagreed with this,
stating that the reorganization of solvent molecules involves enthalpy-entropy compensation
without a free energy contribution132,135.
Raman-MCR seems to be well suited to observe changes in both the host and guest upon
complexation as well as the structure of the water in the host cavity. Raman-MCR can be used to
detect water perturbed by solutes, and by comparing the water in the hydration shell of the
cyclodextrin before and after complexation, the spectrum and information about the structure of
water displaced from the hydrophobic cavity should be revealed. Here we use Raman spectroscopy
and SMCR to obtain the hydration-shell spectrum of the inclusion complex of modified betacyclodextrins (β-CDs) with hydrophobic solutes to observe changes that occur in the solutes and
their hydration shells upon complexation.
The low solubility of unmodified cyclodextrins (~16 mM for β-CD)138 makes obtaining
reproducible Raman-MCR spectra difficult, and often the solubility of the CD-guest complex is
lower than that of the lone β-CD. However, the modified methylated β-CDs heptakis(2,6-di-Omethyl)-β-cyclodextrin (Hep-β-CD) and (2-hydroxypropyl)-β-cyclodextrin (HP-β-CD) have
higher aqueous solubility (~0.43 M and ~0.36 M, respectively)139,140 and form host-guest
complexes with hydrophobic solutes135,141-146, although the binding has not been studied as
extensively as that of the unmodified CDs.
The solute-correlated (SC) spectra of 0.25 M Hep-β-CD and its inclusion complex with
benzene-d6 (for the complexation of β-CD with benzene at 25°C, Ka = 86)147 are shown in Figure
4.1. The inclusion complex solution was prepared by placing a layer of benzene-d6 over the 0.25
M Hep-β-CD solution and allowing the solution to passively mix and equilibrate over a period of
days. The SC spectrum of the host-guest complex (red) includes both features from the guest (~944
cm-1 and 2290 cm-1) and features of the host and hydration shell, which have been affected by the
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complexation and differ slightly from the SC spectrum of the host (blue). The CH stretch band of
the host (~2700 – 3100 cm-1) shows a red shift (consistent with hydrophobic aggregation) and
relative intensities of the high and low frequency CH band features around 2900 cm-1 have reversed
The intensity of the hydration-shell OH stretch region (~3100 – 3800 cm-1) has decreased by ~30%
upon binding. The hydration shell signal arises from the entire hydration shell of the CD. However,
if the complex SC spectrum is subtracted from the host SC spectrum, we obtain the difference
spectrum shown in black. The positive and negative features in the CH stretch region further
indicate the change in intensity and shift of the host CH signal upon binding, and the difference in
the OH stretch region likely represents the waters of solvation inside the cavity of the unbound
host that are displaced or further perturbed as the guest binds to cyclodextrin. This OH stretch in
the difference spectrum differs in shape from bulk water (dashed blue) and contains evidence of
dangling (free) OH stretch near 3700 cm-1. These are preliminary results, but, if further reproduced,
this might be the first spectral indication of a free OH feature in a hydrophobic host cavity, and
this process can be used to further investigate the hydration structure in hydrophobic cavities.
Additional Raman-MCR spectra of methyl-substituted β-CD inclusion complexes with deuterated
hexane and benzene are shown in Appendix C.
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Figure 4.1 Solute-correlated spectra of 0.25 M Hep-β-CD (blue), its inclusion complex with
benzene-d6 (red), and the difference of the two (black). The inset compares the shape of the
difference spectrum OH stretch band with that of bulk water (dashed blue).

4.4

Raman-MCR of Crown Ether Binding
Like the cyclodextrins described in Section 4.3, cyclic crown ethers contain a cavity that is

thought to be hydrated by water molecules distinct from the bulk water solvent, and crown ethers
can form host-guest complexes, particularly with metal cations. Simulation,148,149 NMR,150 and
spectroscopic151 results have led to the conclusion that the crown ether 18-crown-6 (18C6) is
hydrated by two waters bridging the ring, one on each side of the plane of the crown ether. Upon
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complexation, the metal cation replaces one of these waters in the hydration shell of the 18C6. One
such interaction extensively studied is the complexation of 18C6 with K+ (Ka = 2.05 ± 0.04 at
25°C)11. Here we present Raman-MCR evidence of complexation and changes in the hydration
shell of 18C6 upon complexation with K+ and other cations. These preliminary results show
vibrational changes in the structure of 18C6 and the waters in the hydration shell upon binding
monovalent cations. Though we were unable to obtain quantitative binding affinities, this
technique can be refined to reveal information about the structure of waters hydrating the 18C6
cavity and any role they play in the complexation process.
Spectra of 0.1 M aqueous 18C6 and mixtures of 0.1 M 18C6 with potassium chloride (KCl)
or cesium chloride (CsCl) from 0.005 M to 0.5 M were acquired. The SC spectra of 0.1 M 18C6
(green) and 0.1 M 18C6 with 0.1 M KCl (purple) are shown in Figure 4.2. The SC spectrum
including KCl was obtained with the counterion subtraction method described in Section 1.2.2. In
other words, the solvent reference used in SMCR was an equimolar solution of NaCl, which
removed the contribution of the Cl- hydration shell from the SC spectrum. Note that Na+ and K+
do not significantly contribute to the hydration shell OH stretch intensity.10,12
Similar to the cyclodextrin spectral changes in Section 4.3, we see changes in the relative
intensity of CH stretch features (2600 – 3000 cm-1), with ~1 cm-1 shift in the most intense peak,
and changes in the OH stretch hydration shell region (3000 – 3800 cm-1), including a hint of a
decrease around ~3670 cm-1, potentially implying that something that looks like a dangling (free)
OH is removed from the hydration shell of the uncomplexed 18C6. The SC spectrum of 18C6
complex with Cs+ is shown in Appendix C.
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Raman-MGR Spectra
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Figure 4.2 Solute-correlated spectra of 0.1 M 18C6 (green) and its inclusion complex with K+
(purple). The inclusion complex SC spectrum was obtained by using 0.1 M NaCl as the solvent
reference in SMCR to remove contribution from water hydrogen bonding to Cl- in the hydration
shell spectrum.

To test the conclusion that the observed spectral changes are due to complexation with K+,
the same experiment was done using tetraethylene glycol dimethyl ether (TEGDME), a linear ether
with a similar structure to that of 18C6. The SC spectra of 0.1 M TEGDME are displayed in Figure
4.3, both with (purple) and without (green) 0.1 M KCl in solution. The spectra of solutions
containing KCl were analyzed using the previously described counterion subtraction method (see
Section 1.2.2 and description in this section). Here, we do not see the changes in CH stretch
intensities that were observed in the 18C6/KCl mixture solution, nor do we see the large changes
in OH stretch shape and intensity. This implies that the changes observed in the 18C6 spectra arise
due to complexation and that the counterion subtraction method accurately accounts for the
hydration shell changes arising from water hydrogen bonding to the anion (Cl-) in solution.
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Raman-MGR Spectra
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Figure 4.3 Solute-correlated spectra of 0.1 M TEGDME (green) and the mixture of 0.1 M
TEGDME and 0.1 M KCl (purple). Note that the CH stretch and OH stretch bands of TEGDME
are not significantly affected by the presence of KCl (compare to the spectra of 18C6 in Figure
4.2)

4.5

Raman-MCR of Cavitand Host-Guest Complexation
The octa-acid (OA) cavitand host has been shown through NMR to bind 1:1 with aliphatic

carboxylic acids152 and 2:1 or 2:2 (and more complex combinations) with linear alkanes153,154.
Preliminary molecular dynamics simulations performed by the group of Professor Hank Ashbaugh
at Tulane University suggest that the non-complexed OA cavity contains an average of four water
molecules. Raman-MCR was used to detect changes in the SC spectra upon binding in an effort to
observe the structure of the cavity hydration waters. Specifically, the linear alkane n-dodecane
(which has previously been observed to bind with OA)153,154 was added to a 0.1 M solution of OA.
This guest was chosen because of low aqueous solubility, ensuring that any changes we see in the
spectrum would be due to bound dodecane only, as the free dodecane concentration would be too
low to detect with SMCR.
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Figure 4.4 shows the SC spectra of 0.1 M OA and 0.1 M OA with dodecane added,
normalized to the higer-frequency CH stretch band (~3010 – 3140 cm-1). We see small changes in
the OH stretch (~3150 – 3800 cm-1); however, these are not easily reproducible, and we do not yet
see evidence of the cavity hydration of the cavitand. We do see a reproducible increase in the
lower-frequency CH stretch band (~2800 – 3000 cm-1). The dashed black spectrum in Figure 4.4
is the Raman spectrum of dodecane. Note that it overlaps with the lower-frequency CH stretch
band of the OA but does not overlap with the higher-frequency stretch. The increase in the lower
frequency CH stretch band in the complex SC spectrum (compared to the OA SC solution
spectrum) therefore likely arises from the bound dodecane. By comparing the difference in CH
band areas of the complexed and free OA, we can determine the ratio of bound to unbound OA.
This ratio (combined with the hydration free energy of n-dodecane in water155 and vapor pressure
of pure dodecane156) may be used to obtain the binding constant of n-dodecane to OA. More
specifically, if we assume that a 2:1 host-guest complex is formed153 then our Raman-MCR results
imply binding equilibrium constants of
:

7

10 M

), where

and

2

:

10 M

(while for a 1:1 complex

is the equilibrium concentration of unbound host

and guest (equal to the equilibrium solubility of n-dodecane in water), and

and

are the

equilibrium concentrations of the 2:1 and 1:1 OA-dodecane complexes, respectively. This is
consistent with the previously mentioned carboxylate binding results, in which the binding
constant increases with aliphatic chain length152.
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Raman-MGR Spectra
QA
QA + Dodecane

2800

3000

3200

- - - · Dodecane

3400

3600

3800

-1

Raman Shift (cm )
Figure 4.4 Solute-correlated spectra of 0.1 M OA (purple) and its complex with n-dodecane
(green). Note that the CH stretch band of n-dodecane (dashed black) overlaps only the low
frequency CH stretch band of the OA (2800 – 3000 cm-1)

4.6

Conclusions
Raman-MCR was used to detect changes in vibrational hydration-shell spectra of molecular

hydrophobic cavities upon binding in aqueous solution. More specifically, differences in Raman
shift and relative intensity of both host intramolecular vibrational bands and hydration-shell
perturbed solvent spectral features were measured upon binding of hydrophobic solutes in βcyclodextrin and octa-acid cavitand cavities and cationic binding in 18-crown-6. In addition, a
custom capillary holder for microliter-volume Raman spectroscopy was developed. Using
capillary Raman-MCR, reasonable binding constants of alkanes to OA deep-cavity cavitands were
calculated.
These results suggest that Raman-MCR should be capable of obtaining thermodynamic
information concerning cavity hydration and binding using both intra- and intermolecular
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hydration-shell features. Continuing from this foundation involves combining these Raman
measurements with partial molar volume and compressibility results from density and sound
velocity measurements and molecular dynamics simulation results to better interpret the changes
in the hydration-shell spectra and determine the effect of cavity structure and binding on water
structure.
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RAMAN-MCR AND FLUORESCENCE DETECTION OF
CHAPTERS.
AGGREGATION AND REACTIONS IN MICRO-FLOW REACTORS

5.1

Introduction
Increasing the bioavailability of drugs is a major goal of the pharmaceutical industry.157-159

More specifically, active pharmaceutical ingredients (APIs) are often poorly soluble and readily
crystallize in aqueous environments and thus suffer from limited biological absorption in the
aqueous human digestive and metabolic pathways.160,161 Unfortunately, the mechanisms of crystal
nucleation and growth inhibition are not fully understood,162-165 leading to trial-and-error157-159
rather than knowledge-based approaches for increasing the solubilization of APIs. Here,
microfluidic flow devices are combined with Raman and fluorescence spectroscopic techniques to
obtain preliminary results related to understanding crystal nucleation and related phenomena such
as liquid-liquid phase separation, water-mediated hydrophobic aggregation, and water structure at
oil/water interfaces162-165. With further understanding of these processes, it may be possible to
efficiently predict new systems and processes that result in crystallization inhibition and better
solubilization of APIs.
Raman and fluorescence166-170 spectroscopies can provide molecular level insight into
crystallization processes due to inherent molecular vibrations, which are sensitive to solute
environment and phase. Previously, our group has used Raman-MCR to study hydration of various
hydrophobic, hydrophilic, and amphiphilic molecules.5,6,43-45,59,60,109,171-174 In addition, various
studies have used fluorescence with microfluidic devices to specifically probe different points
along crystal formation pathways. More specifically, two solutions (or substances) are combined
using a microfluidic flow reactor, and fluorescence spectra are obtained at different points along
the channel, which correspond to different times in the aging process. Ideally, we want to collect
fluorescence and/or Raman spectroscopic information along the crystallization pathway. Here we
demonstrate evidence that crystallization of fluorescence dyes cans be observed through
fluorescence spectroscopy and that Raman-MCR spectra of solutions can be obtained in
commercial and custom microreactors. These results can be used to design fluorescence, RamanMCR, and optimized binary compressive detection175-177 (OB-CD) experiments to detect precrystallization aggregation and phase-separation in solution as well as measure hydrophobic
hydration in aqueous solutions and reaction kinetics.
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5.2
5.2.1

Methods and Materials
Raman and Fluorescence Spectroscopy
Raman and fluorescence spectra were collected using two home-built instruments with

514.5 nm excitation5,6 (see Section 1.1.1) or 532 nm excitation (see Section 1.1.2). In both systems,
the 300 grooves/mm grating was used to disperse backscattered photons in either spectrometer.
Spectra were acquired from solutions at 25°C unless otherwise noted. SMCR7,8 was implemented
as described in Section 1.2.1 using Igor Pro 6.37A (WaveMetrics, Inc.).
Spectra were collected from liquids and solutions in spectroscopic cuvettes, ½ dram vials
(Kimble Chase, 60812B-12, 12x35 mm, Clear Screw Thread Vial), Labtrix microreactors (see
Section 5.2.2), or glass capillaries (see Section 5.2.3), as noted. The ½ dram vials were used so as
to reduce potential contamination of glassware and equipment with fluorescent dyes by limiting
transfer and open-air exposure of dye solutions.

5.2.2

Labtrix Microreactor Materials and Methods
Solvent and solutions were mixed in commercially-available Chemtrix BV glass

microreactors. The microreactors are available with two mixing types—T-mixer or SOR-mixer
(“Staggered Oriented Ridge”). Spectra presented here were collected in either the Chemtrix Tmixer Design 3024 (10 µL volume, channel width 300 µm, channel depth 60 µm) or the Chemtrix
SOR-mixer Design 3227 (15 µL volume, channel width 300 µm, channel depth 120 µm). The
cross-sectional areas of these microreactors are 16455 µm2 and 32910 µm2, respectively.178 The
Labtrix microreactors provide consistent measurements of flowing solutions. However, they are
fragile and easily crack or break and are expensive to replace.
A custom polyphenylene sulfur (PPS) holder was designed with help from Jonathon Amy
Facility for Chemical Instrumentation in the Department of Chemistry at Purdue University and
manufactured by the Precision Machine Shop in the Department of Chemistry. The holder was
designed to fit onto the Raman-system microscope stage temperature controller. Solutions were
introduced through 0.005ʺ inner diameter (1/32ʺ outer diameter) PEEK tubing connected to ports
in the holder with FingerTight MicroFerrules (Western Analytical Products). Flow was supplied
by programmable syringe pumps (NE-4000 Two Channel Syringe Pump, New Era Pump Systems,
Inc.). The syringe pumps are compatible with glass and plastic syringes of volume 0.5 µL to 140
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mL and pumping rates 0.001 µL/hr to 205 mL/min, depending on syringe size.179 The usual flow
rate range used in this work is 0.01 to 200 µL/min. At these volumetric flow rates, the solutions
take 4.94 – 98730 ms to travel 1 mm in the T-mixer and 9.87 – 197460 ms/mm in the SOR-mixer.

5.2.3

Capillary Flow Materials and Methods
A system to flow solutions through glass melting point capillaries (~1.5 mm inner diameter)

was also developed. The capillaries contribute less glass background to the Raman spectra and are
much less expensive. However, they require larger volumes of solution than the microreactors.
A custom copper holder was developed to flow liquids and solutions through the capillary.
The capillary holder consisted of a ~1 x 1 in. copper block approximately as thick as a glass
microscope slide in which a hole was drilled through approximately the diameter of the melting
point capillary. On the top of the block, a rectangular window was cut to create optical access to
the solution. A capillary was affixed to either end of the bore, and a No. 0 glass coverslip was
affixed to the top of the copper holder over the rectangular window. In this way, the holder can be
temperature controlled on the Raman system stage and water can flow through the holder while
spectra are collected through the cover slip.
A second solution can be introduced into the flow cell with a µL volume needle. The needle
can be inserted into the wall of the flexible tubing connected to the capillary in the flow cell. In
this way, flow from the needle can be encased in the solution flowing into the capillary. This
method has been used previously to observe the aging of supersaturated solutions166-168,170,180,181,
and Raman, fluorescence, and OB-CD measurements can be employed to detect and image regions
of pre-crystallization aggregation and study the progress and kinetics of chemical reactions.

5.2.4

Chemical Details
Ethanol (100%, Decon Laboratories, Inc.), Nile red (90%, Sigma), rubrene (99.99%,

Aldrich), erythrosin B (≥95%, Aldrich), eosin B (95%, Aldrich), tetrahydrofuran (≥99.9%, SigmaAldrich), hexane (≥99%, Sigma-Aldrich), and tert-butyl alcohol (≥99.7%, Sigma-Aldrich) were
used without further purification. Aqueous solutions were prepared using ultrapure water (MilliQ UF Plus, 18.2 MΩ·cm, Millipore).
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5.3

Fluorescence Spectroscopy Results
The wavelength of maximum intensity in the fluorescence emission spectra of organic dyes

shifts with the polarity of the environment of the dye. This effect has been used to detect and
observe crystallization of fluorescent dyes, in some cases in combination with passive mixing with
hydrodynamic focusing in microchannels.166-168,170,180,181 In this method, two fluids are mixed by
encasing one in a sheath of the other. The first consists of a solvent that is soluble in the second
liquid as well as a solute that is soluble in the first solvent but insoluble in the second. As the first
solvent diffuses into the second, and any material dissolved in the first fluid that is insoluble in the
second will crystalize. Because this occurs while the fluids flow through a microchannel, the
changing environment of a water-insoluble fluorescent dye can be determined by acquiring spectra
at various points along the path of the microchannel, as the dye is first dissolved in a less-polarthan-water solvent to an aqueous environment to the solid crystal.
Various fluorescent dyes were tested in the 532 nm excitation system for the ability to
distinguish the environment of the dyes spectroscopically. These dyes include Nile red, rubrene,
erythrosin B, and eosin B. These were chosen for their slight water solubility and fluorescence
excitation maximum near 532 nm. When possible, the emission spectra of the dyes were acquired
from solid dye, the dye in ethanol, and the dye in water. Spectra of rubrene solutions were acquired
using water and a 30/70 v/v tetrahydrofuran/ethanol (THF/EtOH) as solvents to match the solution
conditions of previous hydrodynamic focusing experiments166,168.
An example of dye spectral comparisons in various solvents is shown in Figure 5.1. The
fluorescence spectrum with 532 nm excitation of solid Nile red (black), 15 nM Nile red in ethanol
(red), and 31 nM Nile red in water (purple) are displayed along with the Raman spectra of ethanol
(green) and water (blue), all acquired for one minute. The fluorescence spectra intensity did
decrease over time due to photobleaching; however, the spectra were acquired after exposure to
the laser for the same amount of time. Note that the solid Nile red spectrum (black) has been scaled
arbitrarily to match the intensity of the Nile red in ethanol solution for an easier comparison of
maximum spectral wavelength. The decrease in Nile red fluorescence signal intensity from the
ethanol solvent to the water solvent is consistent with known properties of Nile red,182 as is the
direction of the shift in emission maximum. The emission maximum of solid Nile red was
measured to be 658 nm, approximately 22 nm higher than Nile red in ethanol. These signal
differences in intensity and wavelength can be used to distinguish the environment of Nile red
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during the transition from nonpolar solution to aqueous to crystal phases by combining
fluorescence and OB-CD spectroscopy. Further work should explore these changes in signal as
crystallization occurs in an attempt to detect spectral changes that could indicate the presence of
liquid-liquid phase separation before crystallization. More examples of fluorescence spectral
changes in various environments are presented in Appendix D.
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Figure 5.1 The fluorescence emission spectra of solid Nile red (black) and Nile red dissolved in
water (31 nM, purple) and ethanol (15 nM, red). The Raman spectra of ethanol (green) and water
(blue) are included for reference. Note that the signal of Nile red in ethanol is ~20 times that of
Nile red in water at the same concentration and that the wavelength of maximum intensity shifts
by 22 nm from Nile red dissolved in ethanol to solid Nile red.
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Note that in two-phase flow and hydrodynamic focusing a surfactant is added to promote a
stable, ordered flow.166,168,183 Observing the flow in Labtrix microreactors with and without a
surfactant in the aqueous phase indicated that the surfactant was necessary to ensure that the
oil/aqueous interface did not move laterally in the channel; without the surfactant, the presence
and location of the interface changed rapidly in the channel. For preliminary flow experiments of
oil and water interaction discussed in this work, 0.01 M cetyltrimethylammonium chloride or
cetyltrimethylammonium bromide were added to the aqueous phase to achieve a stable flow in
Labtrix microreactors.

5.4

Labtrix Microreactor Results
In Figure 5.2, the Raman spectra of water (blue in panel A and green in panel B) and 0.5

M tert-butyl alcohol (TBA) (orange in panel A and red in panel B) in a cuvette (panel A) and the
Labtrix microreactor channel (panel B) are compared, and the solute-correlated (SC) spectra
obtained from both sets of spectra are displayed in panel C. A slight decrease in the signal in the
OH stretch region of the Raman spectrum is observed from the solution in the Labtrix channel
compared to that from the solution in the cuvette, and broad spectral features from the glass over
the Labtrix channel. However, as the glass features are present in both solvent and solution spectra
(as shown in Figure 5.2B), the solute-correlated (SC) spectra obtained from solutions in the Labtrix
microreactor channels are indistinguishable from those obtained from solutions in spectroscopic
cuvettes. This is illustrated in Figure 5.2C, which compares the CH and OH stretch bands of the
SC spectra of 0.5 M TBA from a cuvette (orange) and the microreactor channels, both without
flow (green) and flowing at 50 µL/min (red). The Raman and SC spectra indicate that the capability
exists to use these Labtrix microreactors to observe mixtures and reactions in real time by acquiring
spectra of mixed solutions from consecutive points along the channel. As illustrated in Figure 5.2,
Raman features can be observed above the glass features, and the much greater intensity of
fluorescence signal from the compounds discussed in Section 5.3 renders the glass signal
negligible.
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Figure 5.2 (A) Raman spectra of water (blue) and 0.5 M TBA (orange) in a spectroscopic cuvette.
(B) Raman spectra of water (green) and 0.5 M TBA (red) in a Labtrix T-mixer microreactor.
(C) Raman spectrum of water (dashed blue) and SC spectra of 0.5 M TBA in a spectroscopic
cuvette (orange) and a Labtrix T-mixer microreactor, without flowing (green) and flowing at 50
µL/min (red).
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Although the Labtrix reactors are suitable for Raman and fluorescence measurements, their
capability for observing reactions might be limited. The T-mixer microreactors did not promote
mixing when two aqueous solutions were flowed into the reactor. To test this, solutions of 2 M
sodium hydroxide (NaOH) and 2 M formic acid were introduced simultaneously into a T-mixer
and SOR-mixer microreactor. Mixing was determined by detecting the Raman signal of the
reaction product sodium formate in solution, which produces Raman features distinct from those
of NaOH and formic acid. In the T-mixer microreactors, the solutions were found to flow side-byside through the channel with minimal mixing. In other words, sodium formate was only detected
at the interface between the two unmixed solutions, and the majority of the channel was contained
(unmixed) NaOH and formic acid solutions. This lack of mixing indicates that the Labtrix reactors
are not ideal for observing crystallization processes in aqueous solutions. The water-insoluble
compound might crystallize at the interface of the two solutions, but with such slow mixing, the
phase of the majority of the solute will negligibly change in the microreactor channel. To measure
reaction kinetics, ideally the solutions should be mixed instantaneously and then the reaction can
be observed spectroscopically. However, even in the SOR mixer, the solution flow rate through
the mixing region was slow enough that mixing was not instantaneous. Other issues inherent in
the Labtrix microreactors are high cost, long shipping times, and fragility. Overall, the capillary
flow method described in Section 5.2.3 is likely to be more suitable for observing crystallization
processes and reaction kinetics.

5.5

Conclusions
The ability to detect changes in fluorescence of various dyes with changes in environment

polarity has been shown, and we plan to use custom micro-flow reactors to observe crystallization
processes and chemical reactions. In preliminary studies, we have shown that commercial
microreactors can reproduce Raman (including Raman-MCR) and fluorescence spectra while
mixing solutions to induce crystallization or reactions. A custom microreactor with better
spectroscopic compatibility than commercially available reactors, specifically including a thin
cover glass layer to minimize glass spectral features, was also produced. Continuing this line of
investigation likely includes using high-speed OB-CD in conjunction with these microreactors to
spectroscopically detect and image regions of pre-nucleation clusters or nano-droplets in
supersaturated solutions, which would add to the understanding of crystallization mechanisms.
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Future work also includes using microreactors to study reaction kinetics, by both Raman-MCR
measurements and high-speed OB-CD imaging, as the reaction progress can be monitored by
observing points along the flow channel.
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APPENDIX A. DERIVATION OF PARTIAL MOLAR VOLUME
EQUATIONS

The partial molar volume of a solute is equivalent to the partial derivative of the total
volume, , of a solution with respect to the number of moles of solute
the temperature, , pressure, , and number of moles of solvent,

, performed while holding

, constant.

̅

A. 1
, ,

The solvent may in general consist of a mixture of more than one component, in which case
should be replaced by the number of moles of each solvent compound (each of which are held
constant). The average partial molar volume of the solvent ̅ is defined similarly by interchanging
and

.
̅

A. 2
, ,

Partial molar volumes may be determined experimentally by measuring changes in molar
density

⁄ as a function of solute mole fraction

density

⁄ as a function of solute mass fraction

⁄
⁄

, or changes in the mass
, and may be interconverted

as follows.
1
1

1

A. 3

1

A. 4

1
More specifically, the solution of volume
mass of

contains a total of

, where

,

, and

moles with a total

, are the corresponding component

molecular weights, numbers of moles, and masses, respectively.
Plots of either 1⁄

as a function of , or 1⁄

as a function of

, may be used to obtain

the following slopes.
1⁄

A. 5
, ,
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1⁄

A. 6
, ,

These slopes, along with the associated densities, may be sued to obtain the partial molar volumes
of the solute and solvent using the following Bakhuis-Roozeboom25 expressions (also known as
the “method of intercepts”).26
1
̅

1

1

A. 7

1

1
̅

1

A. 8

Alternative descriptions of the first equalities in Equations A.7 and A.8 have been presented,25,26
and the second equalities20 may be derived as described in Appendix A.1.
When extrapolated either to low or high solute concentration, one obtains the following
expressions for the partial molar volumes of the infinite dilute solute and solvent molecules (where
the superscript on ̅ indicates the limiting value of
̅

lim

, →

̅

̅

lim

, →

̅

and

).

1

1

1

1

A. 9
A. 10

Thus, the infinitely dilute solute partial molar volume ̅ is obtainable directly from the density of
the pure solvent 1⁄

̅ and its initial dependence on solute concentration

, while the

infinitely dilute solvent partial molar volume ̅ is obtainable from the density of the pure solvent
1⁄

̅ and its dependence on solvent concentration

(and similar statements pertain to the

relations involving the dependence of mass density on mass fraction).
Note that

,

, ,

, and

in Equation A.4 are all functions of

a constant). Thus, the partial derivatives of 1⁄

⁄

⁄

and

(while

is

with respect to

may be expressed as follows.
1⁄

1⁄
, ,

1
, ,

1
̅

, ,

. 11
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1⁄
, ,

, ,

1

. 12
1⁄

The last equality in Equation A.11 was obtained using Equation A.1 and
⁄

⁄
1⁄

⁄

, ,

, and the last equality in Equation A.12 was obtained using
⁄

, ,

⁄

⁄

.

The slope defined in Equation A.6 is equivalent to the ratio of the partial derivatives in
Equations A.11 and A.12.
1⁄
1⁄

̅

, ,

. 13

1

, ,
, ,

Now solving for ̅ gives the following exact expression for the solute’s partial molar volume in
terms of the experimental values of
is the density of the system and
of 1⁄

,

, and

, where

and

are both functions of

(

is the slope of the line that is tangent to the experimental values

when the solute mass fraction is equal to

).

1
̅

1

. 14

The infinitely dilute solute partial molar volume is defined as the limiting value of ̅ when the
0,

solute concentration approaches zero. In this limit, we may equate
where

, and

,

is the density of the pure solvent.
1

lim ̅

. 15

→

This is an exact expression for the partial molar volume of a dilute solute in terms of the initial
slope

and intercept 1⁄

obtained from a plot of 1⁄
∑

Since the total volume of the system is

as a function of
∑

⁄

.

(where

,

, and

are

the molecular weight, numbers of moles, and partial molar volumes of each component), the above
results lead to the following expression for the partial molar volume of the solvent.
̅

1

. 16

60
1,

In the nearly pure solute system, we may equate

, and

(where

is the

density of the pure solute), and the partial molar volume of the solvent may be expressed as follows.
lim ̅
→

Note that if the factors of

and

1
--

. 17

were removed from the above expressions, then ̅

and ̅ would be equivalent to the corresponding partial specific volumes

⁄

, ,

,

rather than the partial molar volumes. Moreover, when the above derivation is repeated using the
⁄ and solute mole fraction

molar density

⁄

(rather than the mass density and mass

fraction), then one obtains expressions that are identical to Equations A.7-A.10, except for the
absence of the

and

factors. Thus, the above results are equivalent to those obtained using

the Bakhuis-Roozeboom method25 (also known as the “method of intercepts”), as well as to other
exact partial molar volume expressions.20 More specifically, note that the partial molar volumes
of the solute and solvent at a particular solute mole fraction are equivalent to the right and left
intercepts, respectively, of the line that is tangent to the experimental curve obtained when plotting
a solution’s molar density as a function of solute mole fraction.
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APPENDIX B. DSA 5000 DENSITY AND SOUND VELOCITY METER
OPTERATION

Density measurements were made on a DSA 5000 Density and Sound Velocity Analyzer184
(DSA) from Anton Paar. What follows are general operating instructions for the DSA 5000,
adapted from the Instruction Manual185 provided by Anton Paar, and settings used for the
acquisition of data for this document. The user is advised to read the instruction manual before
using the DSA 5000 for more details regarding the operation of the DSA 5000.
Communication Between DSA 5000 and PC
Measurements can be printed from the DSA to a Microsoft Excel file on a PC using the
AP-SoftPrint software program, which is a Microsoft Excel Add-in. The data described here were
acquired while using AP-SoftPrint V1.5 in Microsoft Excel 2007 on a PC operating on Microsoft
Windows XP. Instructions for installing AP-SoftPrint can be found in the software Instruction
Manual. The DSA is connected to the PC through a gender changer to serial RS232 DB9 null
modem cable to a USB to serial cable adapter.
Once installed, the AP-SoftPrint menu will appear in the Add-Ins tab in Microsoft Excel.
To collect data, select “Start Data Collection” in the “AP-SoftPrint” drop-down menu. The “APSoftPrint” dialog box appears. If the file has not been named or saved, click “Change…” under
“Filename” and save the file. Check the device settings by clicking “Change…” under “Settings.”
The settings used for data collection for this document are as follows:
Device: DSA Classic
Port: COM4
Baudrate: 9600
Databits: 7
Parity bit: e
Stopbit: 1
These settings can be found in the DSA by selecting “Menu,” “instrument settings,” “printer
interface configuration.” The communication settings should not change upon subsequent uses of
AP-SoftPrint after being input once. The “formatted” collection mode was used for all data
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acquired. Once all settings have been checked and adjusted, then pressing “Start” begins the data
collection process.
The DSA can be set to print automatically after each measurement if AP-SoftPrint is active,
or the DSA can prompt the user with the option to print after a measurement. The setting for
automatic printing can be found in the menu “method settings”, “printer configuration”, “printer
mode”. Further details can be found in Chapter 9, page 41, of the DSA 5000 Instruction Manual.
After all measurements are finished, quit AP-SoftPrint by selecting “Stop Data Collection” in the
“AP-SoftPrint” drop-down menu.
The user is advised to use at least two Excel files or worksheets per experiment, one for
the Water Check (see below) and one for density and sound velocity measurements, as the printed
information changes between the two measurements, and, in the formatted printout, the density
and sound velocity output is not efficiently displayed.
Solution Preparation
The chosen solvent must be degassed. This may be achieved by boiling. For water, add
filtered deionized water to an Erlenmeyer flask and heat to boiling with light stirring. Boil for 15
minutes, then remove from the heat and seal the flask with a rubber septum stopper. Allow to cool
to near room temperature for the DSA Water Check. Liquid solution components should be
degassed separately before mixing.
DSA 5000 Startup Procedure
Turn on the instrument using the power switch at the rear of the instrument. The DSA will
run through its start-up procedure, which takes approximately five minutes. After the start-up
procedure, the display will read “Water Check Needed.” Instructions for the Water Check are
below.
Loading Samples
Measurement cells can be loaded by syringe, by use of a peristaltic pump, or by gravity.
The results in this work were obtained by loading with a syringe. Before filling, attach a Luer
adapter to chemically-inert hose and connect the hose to the upper Luer port of the DSA. This is
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the output tubing for the DSA sample. Place the free end of this hose into an appropriate was
container.
To fill with a syringe, fill a syringe with a Luer tip with approximately 3 mL of the liquid
or solution to be measured. Glass or plastic syringes can be used for sample filling. Ensure that
there are no air bubbles in the solution. Carefully attach the syringe to the lower Luer adapter.
Glass syringe tips might fracture in the Luer adapter. It is possible, with care, to insert a glass
syringe tip into the DSA adapter; the syringe can also be attached to chemically-inert tubing which
is then connected to the DSA, but this will require slightly more solution volume. Slowly depress
the plunger to fill the sample cells. Observe the filling of the measuring cell through the inspection
window on the front of the DSA. Confirm that the cell is completely full and that no air bubbles
are present in the cell. If bubbles are present, the solution can be removed back into the syringe
and then either degassed or reinserted again. Leave the syringe in the adapter during measurement
to avoid leaking.
To fill using a peristaltic pump, connect the “in” tubing from the pump to the outlet adapter
of the DSA and put the end of the “out” tubing into an appropriate waste container. Connect
another hose to the inlet port of the DSA and put the other end into the solution to be measured.
Turn on the pump and slowly fill the measuring cells (the instruction manual suggests a flow rate
of 10 – 25 mL/min), ensuring that no bubbles are introduced into the measuring cell. Turn the
pump off when the measurement cell has been filled.
Water Check
Before each experiment, a water check is recommended to check the validity of density
and sound velocity measurements. A water check is performed at 20.00°C. To save time, set the
DSA to 20.00°C after it completes the start-up procedure. Open a new Microsoft Excel file and
start AP-SoftPrint data collection as described above. If using a syringe, place a needle onto the
syringe and draw 3 – 4 mL of degassed filtered deionized water that has been cooled to near room
temperature. Remove the needle and insert the Luer tip of the syringe into the lower DSA Luer
port. Fill the measurement cell by slowly depressing the plunger of the syringe while observing
the cell through the inspection window, ensuring that no bubbles are present in the measurement
cell.
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Select “Menu,” “adjustment,” “water check,” “start water check” to begin the water check,
and select “OK” when the measurement cell is full. At the conclusion of the measurement, the
DSA will either display “water check: OK” or “water check: not OK” along with the measured
density number ( ), sound number ( ), and the deviations from the set values. The density number
and sound number are the deviations of measured density ( ) and sound velocity ( ) from the true
values of density and sound velocity in water (

and

, respectively) and are calculated

as follows.
.1
.2
If the display reads “water check: OK,” then the d and s values should be noted, and the
user can select “Save” and then “Print” (if the DSA is connected to a printer or PC). If the measured
d and s are not within 0.00010 of 0, then the water check will return “water check: not OK.” The
d and s values should be noted, the DSA should be thoroughly cleaned, and the water check should
be repeated. If the water check result is still “water check: not OK,” then an air/water adjustment
should be performed.
Measurements
Before making density and sound velocity measurements, thoroughly clean and dry the
measurement cell. Solutions can be measured at temperatures from 0 to 70°C. The standby
temperature can be set in the “temperature setting” display accessed through the main menu
(“Menu”) on the home display. Measurements can also be made manually at each temperature or
by automatically scanning over a specified temperature range in defined temperature steps. These
settings can be accessed by proceeding through “Menu,” “measurement settings,” “general
settings.” With “temp. scan” set to “off,” the measurement will be made at the current temperature
setting. When “temp scan” is set to “on,” measurements will be made from the “start temp.” to the
“stop temp.” in degree steps set in “temp. step.” To avoid formation of air bubbles, measurements
should be acquired from high to low temperatures, and the DSA should be preset to the highest
measuring temperature before filling with the solution to be measured. Similarly, the solution to
be measured should be heated to a warmer temperature than the measurement temperature.
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A Microsoft Excel file should be opened and the AP-SoftPrint software collection should
be started. Measurements are initiated by selecting “Start” on the DSA. The DSA will attemperate
to the set measurement temperature, and, if “temp. scan” is set to on, then measurements will be
acquired across the set temperature range at the set temperature steps. After each measurement, a
chime will sound, and the DSA will either prompt the user to print the measurement results (if
“temp. scan” is off) or will automatically print to the Excel file (if “temp. scan” is on).
After the measurements on a sample are completed, the solution should be carefully
withdrawn from the DSA. The measurement cell should then be cleaned and dried before filling
with the next solution.
Cleaning
Between solutions, the measuring cell should be cleaned and dried. After aqueous samples,
the measuring cell should be flushed with water. A peristaltic pump can be used to flow cleaning
liquids through the measuring cell. Typically, at least 100 mL of cleaning solution was passed
through the measuring cell. After flushing with water, another liquid which dissolves water and is
volatile at measurement temperatures can be used to rinse the measuring cell. Ethanol is the usual
choice for this second solvent. After rinsing with solvents, the cell should be dried by flowing
clean, dry air through the measuring cell for at approximately 15 minutes. Connect the air hose
from the DSA to the Luer port of the measuring cell and select “Pump” to begin blowing air
through the cell. The pump will switch off at a set time (with the default being 15 minutes). After
drying, the pump should be switched off if has not shut off automatically, and the air hose should
be removed from the injection port.
Occasionally, the DSA will require a more thorough cleaning, which can be done with
either sulfuric acid or Alconox detergent. To clean with Alconox, prepare a 1% solution. Carefully
heat the solution to a boil with stirring. Set the temperature of the DSA to 70.00°C. While still hot,
use a syringe to fill the measurement cell with the Alconox solution. Leave the solution in the DSA
for ~10 minutes, then use the syringe to move the solution in and out of the cell multiple times,
creating bubbles in the measuring cell. Remove the Alconox solution from the cell. Rinse with ~1
L of water. Dry, then perform an air/water adjustment and water check. If the water check still
returns “water check: not ok”, heavier cleaning with 2% Alconox might be necessary.
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Adjustment
If the water check returns “water check: not ok,” then an adjustment should be performed.
There are two adjustments available: adjustment at 20°C and adjustment over the entire available
temperature range. If measurements are to be acquired at or near 20°C, then the first adjustment is
sufficient. If measurements will be made a higher temperatures, then the full temperature range
adjustment is applicable. The adjustment at 20°C takes approximately 10 minutes, if water has
been degassed and the DSA has been cleaned and dried. The full temperature range adjustment
takes approximately three hours.
Before starting an adjustment, clean and dry the measurement cell. To start the adjustment,
navigate through “Menu,” “adjustment,” adjust,” “density+vos (air, water),” and select “OK.” The
current air pressure will be required. A reading from an on-site barometer is the most effective
method for obtaining that value. After entering the current pressure, press “OK” when prompted
to begin the air adjustment. After the air adjustment is completed, note the actual Q value of air,
and then press “OK” to continue. Insert degassed filtered ionized water into the measurement cell.
Ensure the that the cell is free of bubbles, and then select “OK” to begin the water adjustment.
After the water adjustment is completed, note the actual Q value of the water and press “OK” to
continue.
The result of the adjustment will either be “recommendation: SAVE” or “recommendation:
REPEAT.” If the recommendation is “SAVE,” then select “SAVE” to store the adjustment data,
and print the results when prompted. If the recommendation is “REPEAT,” then the adjustment
should be repeated, after cleaning and drying the measurement cell.
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Before an adjustment over the entire temperature range, first perform the adjustment at 20°C.
After the 20°C adjustment, the cell should be thoroughly cleaned and dried. The adjustment is then
started by navigating through “Menus,” “adjustment,” adjust,” and “density+vos (temperature
range)” and then selecting “OK.” The current density should be entered as read from an on-site
barometer. The air adjustment will then begin and will be performed at 40°C and 60°C. After the
air adjustment, fill the measurement cell with degassed filtered deionized water above 60°C. Start
the water adjustment by selecting “OK.” The water adjustment will be performed at 40°C and
60°C. When the adjustment is finished, the display will read either “recommendation: SAVE” or
“recommendation: REPEAT.” If the recommendation is “SAVE,” then selecting “SAVE” will
store the results and the user will have the option to print the results. If the recommendation is
“REPEAT,” the then the measuring cell should be cleaned and dried, and the adjustment should
be repeated.
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APPENDIX C. RAMAN-MCR SPECTRA OF HOST-GUEST INCLUSION
COMPLEXES

This appendix contains Raman-MCR spectra of the substituted β-cyclodextrins (β-CD)
heptakis(2,6-di-O-methyl)-β-cyclodextrin (Hep-β-CD) and (2-hydroxypropyl)-β-CD (HP-β-CD)
and the crown ether 18-crown-6 (18C6). Also included are the SC spectra of the β-CD inclusion
complexes with deuterated benzene and hexane and the complex of 18C6 with Cs+. The solutions
were prepared, and the spectra acquired, as described in Chapter 4. The SC spectra are normalized
to the CH stretch band of the solute.

SC spectra
0.25 M Hep-~-CD
0.25 M Hep-~-CD + Hexane-d 14
0.25 M Hep-~-CD + Benzene-d 6

Water

1000

1500

2000

2500

3000

3500

-1

Raman Shift (cm )
Figure C.1 Solute-correlated spectra of 0.25 M Hep-β-CD (blue) and its inclusion complex with
n-hexane-d14 (green) and benzene-d6 (red).
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SC Spectra
0.25 M HP-B-CD
0.25 M HP-B-CD + Hexane-d 14
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Figure C.2 Solute-correlated spectra of 0.25 M HP-β-CD (blue) and its inclusion complex with nhexane-d14 (green) and benzene-d6 (red).
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Raman-MGR Spectra
0.2 M 18C6
0.2 M 18C6 + 0.2 M CsCI
(0.2 M NaCl Solvent Reference)
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Figure C.3 Solute-correlated spectra of 0.2 M 18C6 (green) and its inclusion complex with Cs+
(purple). The inclusion complex SC spectrum was obtained by using 0.2 M NaCl as the solvent
reference in SMCR to remove contribution from water hydrogen bonding to Cl- in the hydration
shell spectrum.
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APPENDIX D. DYE FLUORESCENCE EMISSION SPECTRA

This appendix contains fluorescence emission spectra of the dyes rubrene, erythrosin B,
and eosin B in crystalline and solution phases. Solutions were prepared in water and ethanol (or
30/70 v/v THF/ethanol for rubrene) and in concentrations low enough so that the CCD detector
would not saturate. For each dye, the fluorescence intensity after 532 nm excitation is much greater
from ethanol solutions than aqueous solutions, and the wavelength of maximum intensity is greater
in the solid phase than in the ethanol or aqueous solutions. The solutions were prepared, and spectra
acquired, as described in Chapter 5. See the figure captions for further description of the spectra.
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Figure D.1 The fluorescence emission spectra of solid rubrene (black) and rubrene dissolved in
water (saturated, purple) and 30/70 v/v THF/ethanol (0.26 µM, red). The Raman spectra of water
(blue) is included for reference. Note that the signal intensity of the ethanol solution is much
greater than the aqueous solution below 600 nm. The maximum emission wavelength difference
between the aqueous and ethanol solvent spectra is 10 nm. The similarity in spectral shape and
wavelength near 650 nm between the aqueous solution and solid rubrene is likely due to aggregated
rubrene in the saturated aqueous solution.
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Figure D.2 The fluorescence emission spectra of solid erythrosine B (black) and erythrosin B
dissolved in water (0.25 µM, purple) and ethanol (0.25 µM, red). Note that the signal of erythrosin
B in ethanol is ~8 times that of erythrosin B in water at the same concentration and that the
wavelength of maximum intensity shifts by 68 nm from erythrosin B dissolved in ethanol to solid
erythrosin B.
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Figure D.3 The fluorescence emission spectra of solid eosin B (black) and eosin B dissolved in
water (saturated, purple) and ethanol (saturated, red). The Raman spectra of ethanol (green) and
water (blue) are included for reference. Due to rapid photobleaching in the eosin B solutions,
accurate relative fluorescence intensities could not be obtained. The fluorescence intensities have
been normalized to more easily compare wavelength shifts. However, as with the other fluorescent
dyes, the absolute signal in ethanol is much larger than that in water. The wavelength of maximum
intensity shifts by 20 nm from eosin B dissolved in ethanol to solid eosin B.
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ABSTRACT: Despite the ubiquity and utility of micelles self-assembled from aqueous
surfactants, longstanding questions remain regarding their surface structure and interior
hydration. Here we combine Raman spectroscopy with multivariate curve resolution (RamanMCR) to probe the hydrophobic hydration of surfactants with various aliphatic chain lengths,
and either anionic (carboxylate) or cationic (trimethylammonium) head groups, both below
and above the critical micelle concentration. Our results reveal signiﬁcant penetration of water
into micelle interiors, well beyond the ﬁrst few carbons adjacent to the headgroup. Moreover,
the vibrational C-D frequency shifts of solubilized deuterated n-hexane conﬁrm that it resides
in a dry, oil-like environment (while the localization of solubilized benzene is sensitive to
headgroup charge). Our ﬁndings imply that the hydrophobic core of a micelle is surrounded
by a highly corrugated surface containing hydrated non-polar cavities whose depth increases
with increasing surfactant chain length, thus bearing a greater resemblance to soluble proteins
than previously recognized.

■

INTRODUCTION

imately chain-length independent surface area per surfactant.
They also predict that about 60% of the surface of such micelles
is non-polar, implying that over 20% of the surfactant non-polar
groups are exposed to water. Although these predictions pertain
to a minimalist spherical model, they are generally consistent
with predictions obtained using more sophisticated spherical
statistical mean ﬁeld micelle models2,4,5,12 such as the Gruen
model illustrated in Figure 1B,34 which predicts that “...all
segments of the chain spend some time in a hydrophilic
environment...”, although segments near the headgroup are
exposed to water 80%−90% of the time, compared to 10%−
20% for segments far from the headgroup.4,5 Figure 1C shows a
cross-sectional snapshot of a decyltrimethylammonium bromide (C10TAB) micelle derived from neutron scattering
measurements combined with EPSR MD simulations.24 The
latter study concluded that “surfactant tail groups are hidden
away from the solvent to form a central dry hydrophobic
core...”, although there are a “...signiﬁcant number of alkyl
groups in the polar shell of the micelle”. In contrast, Figure
1D35 illustrates a quite diﬀerent micelle structure inferred from
small-angle X-ray scattering measurements of aqueous sodium
octanoate (C7COONa) surfactant solutions, implying that
micelles have a quite small hydrophobic core with “considerable
hydration of the micelles and penetration of water between the
hydrocarbon chains”. The latter conclusion is generally
consistent with the Menger model, which implies that
“although micelles have a non-polar core, water penetrates
deeply into the structure”.10
Here, we use Raman-MCR17−20,36−39 to critically test and
distinguish such alternative micelle structures, by probing the
hydration shells of CnCOONa and CnTAB surfactants of

Micelles formed of surfactants dissolved in water are
ubiquitous, not only as household soaps and detergents but
also in drug delivery, oil recovery, and environmental
remediation applications. Although micelles are often envisioned as spherical aggregates with a dry hydrocarbon core and
a water-exposed polar exterior,1−6 longstanding questions
remain regarding the surface roughness and hydrophobic
hydration of micelles.7−16 Here we address these questions
by combining Raman spectroscopy and multivariate curve
resolution (Raman-MCR)17−20 to reveal that micelles contain
hydrated non-polar cavities whose water-exposed surface area
increases with surfactant chain length.
Previous NMR,7,10,21 neutron scattering,22−24 X-ray scattering,8,13 EPR,25 and molecular dynamics (MD) simulations,24,26−29 have led to widely varying conclusions regarding
micelle structure and hydration.1−13 Although it is often stated
that water penetration does not extend signiﬁcantly beyond the
ﬁrst 2−4 methylene groups adjacent to the surfactant
headgroup,22−25 numerous early NMR,7,10 X-ray,8 thermodynamic30−32 and transport32,33 property studies concluded that
micelles have highly hydrated and/or nonspherical structures
with up to ∼10 water molecules per surfactant, and up to ∼50%
of the total volume of a micelle consisting of water (although in
some of these studies the inferred hydration includes water
molecules bound to the polar head groups).
Figure 1 compares predictions and structures pertaining to
several micelle models. The surface area predictions in Figure
1A were obtained assuming an idealized spherical micelle
structure composed of surfactants of various carbon chain
lengths with a uniform liquid-like density and experimentally
derived aggregation numbers (see Supporting Information for
further details). Importantly, these predictions imply that such
idealized smooth spherical micelles would have an approx-
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Figure 1. (A) Water-exposed surface area of an idealized spherical
micelle (with a liquid like density). About 60% of the surface is
predicted to be non-polar, with an approximately chain-lengthindependent surface area per surfactant. The error bars arise from
uncertainties in the experimentally derived aggregation numbers (as
reported in Supporting Information). (B) Schematic of the Gruen
micelle model obtained using statistical mean ﬁeld calculations,
assuming a liquid-like density with a dry core.34 (C) Cross-section of a
micelle obtained from neutron scattering measurements and EPSR
MD simulations.24 (D) Schematic micelle model inferred from X-ray
scattering measurements,35 showing deep “wedges” into which water
can penetrate, surrounding a small dry core.
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Figure 2. (A) Raman spectra of pure water (dashed blue), an aqueous
solution of 0.05 M sodium decanoate (C9COONa) (black), and the
resulting SC spectrum of 0.05 M C9COONa (purple) after subtracting
a linear baseline. (B) SC spectra of C9COONa with sodium formate
headgroup subtraction below the CMC (0.05 M, solid blue) and above
the CMC (1.0 M, red). The inset in (B) shows an expanded view of
the hydration shell OH bands. (C) The average number of excess
dangling OH groups per hydration shell ⟨k⟩ for n-alcohols and
CnCOONa surfactants at concentrations below (open blue points) and
5 times above their respective CMCs (solid red points).

various chain lengths (7 ≤ n ≤ 12), at concentrations ranging
from ∼0.5 times below to ∼10 times above the critical micelle
concentration (CMC), as well as after solubilizing n-hexane-d14
and benzene-d6. Of the micelle structures illustrated in Figure 1,
our experimental ﬁndings are most consistent with that shown
in Figure 1D,35 as well as with the Menger model.10
The remainder of this manuscript is organized as follows.
The Results section is divided into four subsections. The ﬁrst
two subsections describe our Raman-MCR ﬁndings pertaining
to aqueous CnCOONa and CnTAB surfactants (including the
procedures we used to highlight vibrational features arising
from water molecules adjacent to the surfactant hydrocarbon
Cn tails); the third subsection describes our observations of
water dangling OH features, whose surfactant chain-length
dependence provides critical evidence regarding micelle
structure; and the fourth subsection describes how we used
n-hexane and benzene solubilization to probe the core polarity
of CnCOONa and CnTAB micelles. Finally, the Summary and
Discussion section provides an overview of our conclusions and
possible biochemical implications.

■

m
___

Non-polar

molecular vibrations of the surfactant, such as the surfactant
CH stretch (at ∼2800−3050 cm−1), as well as hydration shell
OH stretching features (at ∼3100−3700 cm−1), arising from
water molecules whose vibrational structure is perturbed by the
surfactant. Note that previous studies indicate that Na+ has little
or no inﬂuence on Raman-MCR spectra (as the OH stretch
vibration of water around Na+ closely resembles the OH stretch
of bulk water molecules),40 and therefore the SC OH stretch
band arises primarily from the hydration shell of the anionic
surfactant. The broad OH features at ∼3400 cm−1 is due largely
to water molecules that are H-bonded to the carboxylate
headgroup of C9COONa, as evidenced by the appearance of a
very similar band in the hydration shell spectrum of sodium
formate (HCOONa).20
In order to suppress the SC OH band arising from the
carboxylate headgroup hydration shell, and thus highlight
features arising from the hydrophobic hydration shell of the
surfactant’s tail (C9), we have implemented a Raman-MCR
headgroup subtraction procedure by including an equimolar
concentration of HCOONa in the solvent reference solution, as
previously described.20 In other words, since the carboxylate
headgroup is now present in both the surfactant solution and in
the solvent reference solution, the resulting Raman-MCR SC
spectrum contains OH features arising primarily from the
surfactant’s hydrophobic hydration shell. Figure 2B shows
headgroup-subtracted SC spectra obtained in this way, both
below (0.05 M, blue) and above (1.0 M, red) the CMC of
C9COONa (∼0.098 M).41 Note that the formation of micelles
induces changes in both the surfactant’s hydration shell OH
band and its tail CH (whose mean frequency is shifted by about
∼8 cm−1, and shape is changed, with little change in width).

RESULTS

Anionic Surfactants. Figure 2A shows the Raman spectra
of pure water and a 0.05 M aqueous solution of sodium
decanoate (C9COONa), as well as the resulting surfactant
solute-correlated (SC) spectrum obtained using Raman-MCR.
More speciﬁcally, the latter SC spectrum of C9COONa was
obtained by using self-modeling curve resolution (SMCR) to
decompose the measured Raman spectra of aqueous surfactant
solutions into bulk solvent (pure water) and SC components.17,18,36,38 The resulting SC spectrum, purple curve in
Figure 2A, reveals Raman features arising from the intra10810
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The SC spectra in Figure 2B are normalized to the
corresponding CH band area, and thus the associated SC
OH bands (which are expanded in the inset panel) reveal the
substantial decrease in the hydrophobic hydration shell OH
population upon micelle formation.
The hydration shell OH bands shown in Figure 2B contain
both broad H-bonded OH features between ∼3100−3500
cm−1 and a relatively sharp peak at ∼3660 cm−1. The broad Hbonded OH band is quite similar to that previously observed in
the hydrophobic hydration shells of alcohols,18,19 and
carboxylic acids,20 whose highly polarized lower frequency
shoulder at ∼3200 cm−1 implies that water has greater
tetrahedral order near non-polar groups (note that clathrate
hydrates also contain a prominent polarized Raman band in this
region).18 The small sharp peak at ∼3660 cm−1 arises from the
excess population of dangling (non-H-bonded) OH groups on
water molecules in non-polar hydration shells.19,39 The fact that
the dangling OH peak remains quite prominent after micelle
formation implies that a substantial number of water molecules
remain in contact with the surfactant tail (as further discussed
below).
Although we are not able to precisely quantify the number of
water molecules that remain in contact with the surfactant’s
non-polar tails in a micelle, the results in Figure 2B imply that
those water molecules are more likely to contain dangling OH
groups and thus less likely to be H-bonded. Moreover, the
results in Figure 2B imply that between ∼15% and ∼60% of the
water molecules that were in the non-polar surfactant hydration
shell of an isolated (non-aggregated) surfactant remain after
micelle formation. More speciﬁcally, these lower and upper
bounds are obtained from the decrease in the H-bonded and
dangling OH band areas upon micelle formation, respectively,
(after correcting for the residual free monomer contribution).
Note that the lower bound of ∼15% is clearly an underestimate,
as it is less than the value of ∼20% predicted for idealized
spherical micelle structures (as shown in Figure 1A). Moreover,
our chain-length-dependent Raman-MCR results reveal that
water penetrates signiﬁcantly beyond the ﬁrst few carbons near
the polar headgroup, and provide strong evidence that micelles
have a highly corrugated surface structure (as further explained
in the Dangling OH Chain Length Dependence subsection),
thus implying that more than 20% of the non-polar groups in a
micelle are exposed to water.
Cationic Surfactants. Figure 3A shows the Raman spectra
of pure water and a 0.05 M aqueous solution of
decyltrimethylammonium bromide (C10TAB), as well as the
resulting surfactant Raman-MCR SC spectra (purple curve).
The hydration shell OH band centered at ∼3400 cm−1 in this
case arises primarily from water molecules that are hydrogen
bonded to the Br− counterions, as evidenced by the fact that a
similar band appears in the hydration shell spectrum of aqueous
NaBr solutions.40 In order to suppress the spectrum arising
from water molecules H-bonded to Br−, we used a counterionsubtraction procedure (analogous to the headgroup subtraction
procedure), by adding NaBr to the solvent reference (with the
same concentration as the surfactant solution), as previously
described.19,20 Figure 3B shows the SC spectra of C10TAB
obtained after implementing this counterion-subtraction
procedure, both below (0.05 M) and above (1.0 M) CMC
(∼0.065 M).41 Again, we observe aggregation-induced changes
in both the hydration shell OH band, and the surfactant’s CH
band (whose mean frequency red-shifts by ∼9 cm−1 upon
micelle formation). However, the hydration shell of C10TAB,
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Figure 3. (A) Raman spectra of pure water (dashed blue) an aqueous
solution of 0.05 M decyltrimethylammonium bromide (C10TAB)
(black), and the corresponding SC spectrum of 0.05 M C10TAB
(purple) after subtracting a linear baseline. (B) SC spectra of C10TAB
with Br− counterion subtraction below the CMC (0.05 M, solid blue)
and above (1.0 M, red) CMC. The inset in (B) compares the
hydration shell spectra with counterion subtraction below and above
CMC. The dashed black curve pertains to the hydration shell spectrum
of a tetramethylammonium cation, scaled by a factor of 3/4 (since the
cation contains four methyl groups while the surfactant headgroup
contains three methyl groups). (C) The average number of excess
dangling OH groups per hydration shell ⟨k⟩ for n-alcohols and CnTAB
surfactants, at concentrations below and 3 times above their respective
CMCs.

and particularly the way it changes upon micelle formation, is
quite diﬀerent from that of the anionic (C9COONa) surfactant.
More speciﬁcally, upon micelle formation the C10TAB
hydration shell OH area only decreases by ∼18 ± 2%, while
its high-frequency edge is found to red-shift (by ∼48 cm−1).
The small decrease in the SC OH band area is likely due to the
fact that the trimethylammonium headgroup contributes
signiﬁcantly to the C10TAB hydration shell spectrum, as
evidenced by the headgroup OH band (dashed spectrum) in
the inset panel of Figure 3B. The latter Raman-MCR
headgroup SC OH was obtained from an equimolar solution
of tetramethylammonium bromide, scaled by a factor of 3/4
(since the cation contains four methyl groups while the
surfactant headgroup contains three methyl groups). Although
the prominent headgroup contribution makes it diﬃcult to
quantify the number of H-bonded waters adjacent to the
surfactant tail, it is clear that more than half of the H-bonded
OH band area arises from water molecules around the
headgroup. Moreover, the red-shift of the hydration shell OH
band edge implies that the H-bonds between water molecules
in the micelle are somewhat stronger than those in bulk water.
More importantly, note that, once again, a prominent dangling
OH peak at ∼3660 cm−1 remains after micelle formation.
Moreover, it is clear that those dangling OH groups arise from
water molecules around the surfactant tail, as the headgroup
OH spectrum in Figure 3B contains little evidence of a dangling
10811
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micelle interiors. However, in many cases the probes have
contained polar groups (such as −F, −Cl, or CO)7,10,46,50−52
which might carry water molecules into the micelle. Thus, we
have chosen to probe the polarity of micelle interiors using
non-polar perdeuterated n-hexane-d14 and benzene-d6 probe
molecules. Although we are not the ﬁrst to employ benzene or
alkanes as probes44,45,47,48 of micelle interiors, these studies are
the ﬁrst to use Raman-MCR for such studies and (to the best of
our knowledge) the ﬁrst to use vibrational (C-D) frequency
shifts to probe the polarity of micelle cores.
We have introduced the non-polar probes into micelles using
a slow equilibration procedure,53 rather than mechanical mixing
or sonication (which might produce highly non-equilibrium
structures). More speciﬁcally, we introduced the probes by
placing a layer of oil (either n-hexane-d14 or benzene-d6) over
an aqueous surfactant solution (either C9COONa or C10TAB),
as illustrated by the schematic in Figure 4A, and allowed the

OH band. Thus, the fact that the surfactant dangling OH
peak remains prominent above CMC again implies that the
surfactant hydrocarbon chains remain signiﬁcantly hydrated in
these cationic micelles (as further discussed in the following
subsection).
Uncertainties regarding the −N(CH3)3+ headgroup and Br−
counterion hydration make it diﬃcult to quantify the CnTAB
SC micelle hydration shell band areas. This is in part because
the −N(CH3)3+ headgroup is rather hydrophobic and so is
likely to partially dehydrate upon micelle formation.42,43
Moreover, uncertainties regarding the degree of dehydration
of the Br− counterions further limit our ability to quantify
micelle formation induced changes in the areas of H-bonded
and dangling OH bands (as further described in the Supporting
Information).
Dangling OH Chain Length Dependence. Figures 2C
and 3C show how the excess number of dangling OH groups
(per surfactant) ⟨k⟩ depends on surfactant chain length, both
above (blue open points) and below (red solid points) CMC,
as well as comparisons with previously reported ⟨k⟩ values
obtained from aqueous n-alcohol solutions (green open
points).19 The ⟨k⟩ values were obtained from the area under
the dangling OH peak in the SC spectrum, as previously
described.19 The solid points in Figures 2C and 3C represent
the ⟨k⟩ values obtained after removing the contribution from
free monomers that are in equilibrium with the micelles,
assuming that the free monomer concentration is equal to the
CMC (as further described in the Supporting Information).
Comparisons of the open blue and green points in both Figures
2C and 3C indicate that the average number of surfactant
dangling OH groups (before micelle formation) has a nonlinear
chain length dependence that is roughly consistent with that
previously reported for n-alcohols (and ascribed to the
cooperativity of the dangling OH formation process).19
Comparisons of the open blue and solid red points in both
Figures 2C and 3C imply that the excess number of dangling
OH groups in the hydrophobic hydration shell of each
surfactant in a micelle is comparable to that around a fully
hydrated surfactant (below CMC). Most importantly, the
number of such hydrophobic water molecules (per surfactant)
clearly increases with chain length. The signiﬁcance of this
increase becomes evident when recalling that smooth spherical
micelles are predicted to have an approximately chain-length
independent non-polar surface area per surfactant, as indicated
by the results in Figure 1A. Moreover, one would expect to see
a chain-length independent dangling OH probability for nearly
spherical micelles in which water only penetrates to the ﬁrst 2−
4 methylene groups adjacent to the polar headgroup (as is
commonly assumed to be the case).22−25 Thus, the fact that we
have observed that ⟨k⟩ is strongly chain-length dependent
implies that micelles do not have a nearly spherical (and
smooth) structure, as water evidently remains in contact with
the hydrocarbon chain well beyond the ﬁrst 2−4 methylene
groups adjacent to the headgroup. In other words, the fact that
⟨k⟩ increases with n above CMC implies that micelle surfaces
contain water-permeable cavities whose water-exposed surface area
increases with increasing surfactant chain length. Moreover, the
results presented in the following subsections conﬁrm that,
underlying this highly corrugated and hydrophobically hydrated
surface, there is dry oily core.
Uptake of Hydrophobic Probes by Micelles. Numerous
previous studies have employed small molecules13,44−50 or
functionalized surfactants7,10,21,51 to probe the hydration of
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Figure 4. Surfactant SC spectra obtained 1 (blue), 2 (green), and 3
(red) weeks after the addition of deuterated hydrophobic probes into
1.0 M surfactant solutions. The schematic in panel A illustrates the oil/
surfactant solution system. Addition of hexane-d14 (A) or benzene-d6
(B) to C9COONa micelles. Addition of hexane-d14 (C) or benzene-d6
(D) to C10TAB micelles. The inset panels display the frequency of the
CD stretch Raman peak of the deuterated probe over time (black
points) compared to the same deuterated probe in pure hexane (red
line) or water (solid blue line for benzene-d6 CD Raman peak in water,
while the dotted blue line represents estimated hexane-d14 CD Raman
peak position in water, obtained by assuming the same frequency
diﬀerence as 1-hexanol-d13 from oil to water).

system to slowly equilibrate over a period of several days (or
weeks). Raman spectra of the aqueous phase were collected
periodically in order to quantify the uptake of the deuterated oil
molecules by the non-deuterated micelles (as evidenced by the
growing CD stretch bands in Figure 4).
Figure 4 shows the resulting surfactant SC spectra obtained
from 1.0 M aqueous solutions of C9COONa (panels A and B)
and C10TAB (panels C and D) in the presence of hexane-d14
(panels A and C) and benzene-d6 (panels B and D). In all cases,
the intensity of the CD stretches of the micelle solubilized
hexane-d14 (2120 cm−1) and benzene-d6 (2295 cm−1) was
found to slowly increase over time. Note that the low aqueous
solubility of benzene (∼0.023 M)54 and much lower aqueous
solubility of hexane (∼1.1 × 10−4 M)54 imply that the observed
increase arises virtually entirely from uptake of these non-polar
probe molecules by the micelles. Both molecules incorporated
into the carboxylate micelles at similar rates, which was also
similar to the rate at which hexane was taken up by the C10TAB
10812
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our Raman-MCR spectra. More speciﬁcally, if there were such
probe-induced drying then we would expect to see a signiﬁcant
decrease in the SC OH band area with increasing probe
solubilization, which is not evident in the spectra shown in
Figure 4.

micelles. However, benzene incorporated into the C10TAB
micelles at a somewhat higher rate (as further discussed below).
After 3 weeks, the total number of solubilized probes was ∼5
hexane-d14 molecules per C10TAB micelle and ∼8 per
C9COONa micelle, while ∼11 benzene-d6 molecules were
taken up by each C9COONa micelle and ∼36 by each C10TAB
micelle. Since there are ∼45 surfactants in both the C9COONa
and C10TAB micelles,55,56 our results indicate that each micelle
contained signiﬁcantly fewer probe molecules than surfactant
molecules.
To determine the polarity of the environment surrounding
the probe molecules, we compared the CD stretch frequencies
of the probes in the micelles to those of the same (or similar)
molecules in pure water and pure n-hexane. The red horizontal
lines in Figure 4 correspond to the CD frequency of hexane-d14
(panels A and C) and benzene-d6 (panels B and D) dissolved in
(non-deuterated) liquid n-hexane. The solid blue line in Figure
4, panels B and D, represents the CD frequency of benzene-d6
in water. The dashed blue lines in Figure 4, panels A and C, are
estimates of the CD stretch frequency of hexane-d14 in water
obtained by measuring the diﬀerence between the CD peak
frequency of 1-hexanol-d13 when dissolved in hexane and water.
The points in Figure 4 are the CD stretch frequencies of the
probes within the micelles. These results reveal that the CD
stretch Raman shift of hexane-d14 in both the C9COONa and
C10TAB micelles is indistinguishable from the CD frequency of
hexane-d14 dissolved in n-hexane, thus clearly implying that nhexane-d14 is solubilized into a region of the micelle that
resembles a dry bulk oil phase. This conclusion is consistent
with previous NMR studies showing that alkanes are solubilized
in the interior of micelles.44,48,57,58 Similarly, the results in the
inset of Figure 4B imply that benzene-d6 is also solubilized in a
dry oil-like environment within C9COONa micelles, again
consistent with some previous studies.47,57 However, our results
do not appear to be consistent with other studies in SDS
micelles implying that that benzene is either uniformly
distributed throughout the micelle49,58 or remains at the
micelle−water interface.45 Moreover, the inset of Figure 4D
shows, unexpectedly, that the CD stretch frequency of
solubilized benzene-d6 is red-shifted to a greater degree than
when it is transferred from water to liquid hexane. Thus,
benzene is evidently in an environment that is neither like water
nor like hexane, implying a signiﬁcant interaction between
benzene and the surface of the C10TAB surfactants, as
suggested by previous studies.49,58 The anomalous CD
frequency shift, as well as the higher rate at which benzene is
taken up by C10TAB micelles, suggest the importance of
cation−π interactions between benzene and the cationic
surfactant headgroup.49,58 However, previous spectroscopic
measurements of benzene−water and benzene−cation clusters
indicate that cation−π interactions produce a blue-shift rather
than a red-shift in the corresponding aromatic CH stretch
frequencies.59−62 Thus, our observation of an anomalously
large red-shift of the CD stretch of benzene-d6 in C10TAB
micelles suggests that benzene may also interact with the
bromide (Br−) counteranions, which are known to red-shift the
CH stretch of benzene in aqueous salt solutions.63 Thus, our
results suggest that benzene molecules near the micelle surface
interact with both the −N(CH3)3+ head groups and Br−
counterions.
Although some previous studies have suggested that nonpolar probes may expel water molecules from the micelle
interior,57 we see no evidence of such probe induced drying in

■

SUMMARY AND DISCUSSION
Although the structure of micelles has been a topic of
longstanding interest,1−14 previous studies have often reached
conﬂicting conclusions regarding the surface roughness and
hydrophobic hydration of micelles.9 The present Raman-MCR
results have addressed these questions by measuring changes in
the vibrational spectra of surfactant hydration shells upon
micelle formation, and using solubilized hexane and benzene to
probe the polarity of the micelle core.
Our ﬁndings indicate that surfactant tails remain signiﬁcantly
hydrated, with well over 20% of the surfactant methylene
groups remaining in contact with water within the micelle.
Moreover, the relative areas of the hydration shell H-bonded
and dangling OH bands imply that water molecules within
micelles have a lower H-bonding probability than water
molecules in the hydrophobic hydration shells of isolated
(non-aggregated) surfactants dissolved in water.
Additionally, we have observed a strong chain-lengthdependent increase in the average number of hydrophobic
hydration shell dangling OH groups (per surfactant). This
observation provides compelling evidence that micelles do not
have a smooth (nearly spherical) surface, but rather must
contain non-polar pores whose surface area increases with
increasing surfactant chain length. Although such a surface area
increase may in principle be due to either an increase in the
number or depth of the non-polar pores (per surfactant), we
favor the latter explanation, as it is physically reasonable to
expect that longer surfactants will facilitate the formation of
deeper pores. Note that the formation of such pores also
implies that micelles have a remarkably low surface tension,
which does not seem to be consistent with assumptions made
in formulating the Gruen model.34
Although our results are incompatible with smooth spherical
micelle models (including ones in which water only penetrates
to the ﬁrst few methylene groups adjacent to the polar
headgroup),22−25 our ﬁndings are generally consistent with
models such as that shown in Figure 1D,35 whose surface
contains deep, water-accessible “wedges”, as well as with the
similar Menger model.10 In keeping with the structure
illustrated in Figure 1D, our dangling OH observations further
imply that micelle hydrophobic pores have a depth that
increases with surfactant chain length. Moreover, in keeping
with Figure 1D and the Menger model, our non-polar probe
results conﬁrm that micelles retain a substantially dry
hydrophobic core.
One might expect molecular dynamics simulations to provide
invaluable information regarding micelle structure and
hydration.24,29,64 However, it is only now beginning to become
feasible to perform such simulations on systems that are
suﬃciently large, with suﬃciently long simulation times, to
realistically describe fully equilibrated micellar systems. Nevertheless, simulations have already provided important insights.
For example, a recent interestingly designed set of simulations
suggests that the degree of delocalization of the head groups at
the micelle surface can signiﬁcantly inﬂuence the distribution of
solubilized molecules.29 Another large-scale simulation, which
formed micelles from a random distribution of surfactants, has
10813
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concluded that the concentration of free monomers may
decrease rather than remain constant above CMC.65 We have
recently initiated an eﬀort to perform large-scale fully
equilibrated micelle simulations, in collaboration with Prof.
Dominik Horinek’s group. Preliminary results of those
simulations (which will be fully described in a subsequent
publication) reveal micelles with highly corrugated surfaces and
substantial hydrophobic hydration.
Our conclusion that micelles composed of ionic surfactants
do not have a smooth spherical structure implies that the
average distance between the ionic head groups is greater than
the ∼1 nm separation predicted for an idealized smooth
spherical micelles, as indicated by the ∼90 Å2 (∼0.9 nm2) area
per surfactant shown in Figure 1A. This conclusion is
consistent with studies of ionic surfactant stabilized oil
nanodroplets whose interfacial surfactant concentration was
found to saturate at an area >4 nm2 per surfactant,66 implying
an average separation >2 nm. Thus, the non-spherical interfacial
structure of micelles may be linked to the fact that that the
optimal distance between ionic head groups is larger than that
in an idealized spherical micelle. It is also noteworthy that oil
drops stabilized by non-ionic surfactants have been found to
accommodate signiﬁcantly higher surface densities (with an
area per surfactant of <0.5 nm2),67,68 and thus non-ionic
micelles may prove to have structures quite diﬀerent from those
of ionic micelles.15,16
The resemblance of proteins to micelles has played an
important role in the early development of biochemistry, as
proteins were initially postulated to be colloidal aggregates.69
This is certainly not such a far-fetched idea, as both proteins
and micelles are driven to self-assemble by a delicate balance of
non-covalent hydrophobic and hydrophilic interactions. It is
also noteworthy that, like micelles, approximately 60% of the
water-exposed surface of soluble proteins is composed of nonpolar groups.70 The present results further imply that the
structures of micelles and proteins may be even more similar
than generally recognized, as neither micelles nor proteins are
perfectly spherical, and both are prone to form water-accessible
hydrophobic cavities.
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